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Address of the President 
Sir William Bragg, O.M., at the 
Anniversary Meeting, 30 November 1940 

Many events conspire to make the past year notable in the history of our 
Society. Reference has been made to the majority of them in the AnTuiaJ 
Report of Council, usefully supplemented by the Notes and Records which 
we continue to owe to our past Treasurer, Sir Henry Lyons. I do not 
propose to speak of them in detail, but on this occasion it does seem fitting 
to give further attention to one or two general matters of lasting interest. 

One of these is personal. Fellows will have noted the long list of those 
whom we have lost, and the great names which the fist contains. I have felt 
as I have been reading it that I have turned over the last leaves of a chapter 
that stands by itself. The present generation is quick to honour the names 
of J. J. Thomson and Oliver Lodge, but they cannot remember, as we 
older men can, the brilliant years when these men and their contemporaries 
were writing the chapter’s first pages. What they wrote was eagerly read, 
their lectures were heard with rapt attention; they were the pioneers, and 
the scientists of that time, nearly half a century ago, streamed after them. 
AH that is now a memory. The years have slipped away since their work 
was done, and we now look bach on it and see it as a separate entity, a 
noble event in the history of science, and of British science in particular, 

There is no vestige of sadness in such a retrospect, nor any trace of 
feeling that our pride must be founded only on what has passed. 1 am sure 
that all those who like myself can recall the long years, and compare those 
that have gone by with those that are still ours, will say happily and 
proudly that our young men of to-day are maintaining in full force the 
tradition that they have received. They are writing a new chapter; and it is 
a chapter of a novel importance because as they extend om record of the 
facts of Nature they find themselves compelled at the same time to con¬ 
sider a new problem, the relation of those facts to society and to the govern¬ 
ment of nations. Let me express my admiration of the willingness, vigomr 
and ability with which the newer generation gets to work. 

This same novelty is enlarging the range of work of our Society and is a 
second matter to which we are compelled to give serious attention. Our 
Fellows have constantly given their services to public interests; it has 
often been pointed out that they are to be found in association with almost 
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eveiy department of goTenunent. But this year new moveB have been 
made which may, and I hope wiil, lead to developments of the highest 
importance. The Report contains a notice of the recent formation of a 
Scientific Advisory Committee over which Lord Honkey presides, with a 
reference which in effect directs it to consider the advances of soienoe in 
their relation to national welfare. The Committee reports to the Cabinet 
through its chairman. A Committee of similar nature but lesser scope was 
set up a few months ago to consider the sdentifio aspects of the food 
policy of the Government: it consists of well-known authorities on nutri¬ 
tion, agriculture and economy, with myself as chairman. This Committee 
reports to Lord Privy Seal, and so to the Cabinet Food Policy Committee 
over which Lord Privy Seal presides. The significant feature of these 
committees is their close and direct association with the Cabinet, the 
central body that governs our nation. Hitherto scientists have been 
appointed man by man to various Government Departments so that they 
might act as useful items in departmental machinery. The new committees 
ore not parts of any executive body and have no executive power of their 
own. They exist to make recommendations, which must of course be 
practical and take full accoimt of difficulties of execution. But they are not 
hampered by traditions, nor by set habits; they have time and fiteedom to 
consider the whole field of scientific knowledge and its possible influence on 
practice. The Scientific Advisory Committee, the more important of the 
two, is particularly well fitted to watch all occasions and opportunities for 
the employment of soienoe in the service of the nation, and also for the 
continuous encouragement of that employment. The President of the 
Society and the two principal Secretaries are in close touch with every 
branch of soienoe; through the Fellows of the Society which they serve 
they have a unique view of scientific progress. The three Secretaries of 
the principal Research Councils of the Government, deah'ng with industry, 
agriculture and health, are in close touch with the chief national activities. 

Thus a great opportunity is opened after long expectation; and the 
Royal Society is largely responsible for the development of that oppor¬ 
tunity. We hope that no hindrances firom without may interfere with the 
Society’s task, and we are determined that there shall be no lock of energy 
firom within. 

We remember that it is science itself, not scientists, that we are trying to 
lift to the high places. In that respect our movement is not selfish. We do 
not claim that scientists shall be entrusted with authority because they 
are sdentisto: we do claim that authority shall be exeroued in the light 
of a knowledge which grows continuously, and with continual effect on 
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politiM, on IndxuttEy, and on thought itself. If at present the only way to 
bring this knowled^ into use is to treat scientists as consultants, let us take 
that way. But we s hall be taking the better way if in all ranks of the State, 
and especially in those that have authority and set an example, we can 
arouse a general appreciation of the position, and a constant understanding 
watchfulness on the increase of knowledge and the uses that are made of it 
and can be made. It cannot be said that the general aspect of the nation 
towards the increase of knowledge is satisfactory. Science has become an 
integral pairt of our educational S3^tem, yet the changes that have been 
made are often ridiculously like the casting of sacrifices to following 
wolves. Science is not a devouring monster, but a means of service; it is a 
knowledge, gained by an irresistible tetidenoy of man to examine his sur¬ 
roundings. It may be rightly or wrongly used. There is a prime danger if 
those who are in the x>08ition to use it rightly shut their eyes to its presence 
and its power, like an army which relies on bows and arrows when its 
enemies know how to use machine guns. 

It is not universally nor even sufficiently understood how important 
natural knowledge has become. It is true that in a vague way the nation is 
brought by the happenings of war to guess at the meaning of scientific 
research in every kind of enterprise. But still it would be difficult for most 
people to grasp the significance, much less the meaning of the description of 
a fact like this: that the B.A.F. could not carry out its operations without 
the knowledge resulting from the studies of cathode-rays and electrons made 
by our physicists, which is equivedent to saying that by this time we might 
well have lost the war. Similar oases of cause and consequence could be 
quoted in numbers; they happen to be found more readily in relation to the 
sciences that deal with inorganic materials than those that deal with 
organic processes, and the military demand for physicists has been great 
because they are wanted to put physical discoveries into practice. But this 
discrimination is only accidental and temporary, and in fact the whole 
range of science is equally concerned. 

Since experimental science has assumed such a comm an d ing influence on 
all our affairs, so that we run the risk of great perils if we take no account of 
it, and leave its uses to others, let us say less well disposed than ourselves, 
and, on the other hand, have opportunities of great benefit if we use it 
rightly, it becomes a first duty to direct our steps accordingly. Just as in 
former times schools and colleges were founded to train men for the-tervjg^ 
of Chiuroh and State, in ways which were appropriate to that high end, so 
now we have to see to it that the men are produced by our educational 
systems who can appreciate and act up to a new state of affairs. This can be 
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done without jettuoning any of the fine inetruotion which has been a 
proud feature of our older ayatems. 

I think that this ia not eaaentisdly a matter of the rearrangement of 
aohool time tablea, or the building of scientific laboratories, though such 
taotioid methods must have their due consideration. This ia a personal 
matter, aa has been the case with every great human movement. We have 
not to force the use of new tools, but to encourage and develop a new 
appreciation and a new attitude. Our best method, as ever before, lies in 
OUT own actions. If we, in the continually increasing oontacte of scientists 
with public affairs, can show that we have something of great value to 
contribute, and that we give it freely, placing our individual intereats 
below those of a greater purpose; if we try to understand the motives and 
principles of those whom we meet who may not see our vision just as we 
may fail to appreciate theirs, then by so doing we have the best chance of 
bringing about the changes that we desire. It is the personal contact of the 
scientist, especially with those who are charged with duties to the nation, 
that is the moving force. That is where these new associations of science 
with government may mean so much, and shall mean it, if our devotion can 
achieve its purpose. 

This afternoon I leave the Presidential chair. I have deeply apprecisted 
the honour that has been paid to me by my election to it, and 1 want to thank 
with all my heart the officers of the Society, the members of Council, and 
the permanent officials who have helped me to fulfil its duties. 

Chabubs Babbois (1848-1930) was elected a Foreign Member of our 
Society in 1913. He belonged to an industrial family in the north of Fnmoe, 
and came to England as a young man to study English methods of manu¬ 
facture. He became interested in geology, and particularly the geology of 
Great Britain and Ireland. His work in this field won him a doctor’s 
degree at the Sorbonne. He completed investigations of high importanoe 
into the difficult geologies of Normandy, Brittany, northern France and 
Lorraine. He was head of the geological department of the U nt fsB ilty of 
Lille. He was well known in this country, especially to the ^gMlogists by 
whom he was held in great esteem. The Geologioal 
awarded him the Wollaston Medal in 1901. ' 

WrLTBBD Tbottxb (1872-1939) was one of the most d|ridngoished 
surgeons in this country. He was especially a master of the Biictgery of the 
brain and of the thyroid gland. He studied at Univeruty College and won 
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the Gold Medal aiul Univenity Scholarship in Surgery of the University of 
London in 1899. His outstanding shill and knowledge gave him a wide 
practice as a consultant. After being Consulting Surgeon to the King from 
1928 to 1932 he became Sergeant Surgeon to the King in 1932 and held that 
office under three Sovereigns. 

In 1934 Trotter gave up private practice in order to devote himself to 
work at University College Hospital and to the training of young men in the 
Medical School. He was a fine teacher. He added to his wide knowledge 
wnd his technical skill a precision of thought and a love of thoroughness 
which had a profound influence on his students. 

Trotter took a great interest in qualities of the human mind as well as in 
the structure and fimctions of the human body. In 1915 he wrote in the 
Sociological Review on the herd instinct, and in later years he wrote on the 
mentality of nations at war. He studied the functions of nerves and the 
causes of pain. 

Trotter was for many years a member of the Medical Research Council. 
He was elected to our Society in 1931, and twice served on our Council: on 
the latter occasion he acted as a Vice-President. 


Eduttkd NaviiiLB Nbvill (1847-1940) was an able student of dynamical 
astronomy. He was especially interested in the perturbations of the moon 
due to the influence of the planets. In 1882 an observatory was built in 
Durban and he was appointed its first Director, arriving in Durban just in 
time to make observations of the transit of Venus on 6 December. He 
carried on the appropriate observational work, and at the same time 
pursued the theoretical reaeuches which had established his reputation. 
Xevill was one of the original Fellows and a member of the first Council of 
the Institute of Chemistry. From 1888, until his retirement in 1912, he 
combined the post of Government Chemist and Official Assayer for Natal 
with that of Government Astronomer. He was elected a Fellow of the 
Royal Astronomical Society in 1873, and a Fellow of the Royal Society in 
1908. 

Gilbkbt Moboan (1870-1940) was a great chemist. His skill, know¬ 
ledge, versatility and energy were to no small degree responsible for the 
present sound position of British chemistry. In particular, he did much to 
promote the useful co-operation of laboratory and factory. Morgan was a 
student of Meldola when he was working on dyestuffs, and through his 
influence obtained a position as research chemist in the dyeing industry. 
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It is intereBting that during a long researoh on the dihydroxjniaphthalenes 
he prepared a representative of the sabetanoes afterwards known oolleotively 
as bakelite, but its future great usefulness was not then anticipated since it 
had no application in the production of artificial colours. In 1019 he was 
appointed to the Mason chair of Chemistry in Birmingham. His greatest 
work was begun when in 192S he became the first Director of the Oovem- 
ment Besearoh Laboratory at Teddington. He made an unqualified 
success of the new enterprise. He designed its structure and organized its 
work: and the fact that so much useful knowledge has proceeded from it, 
especially in the last war months, is proof of his foresight and of the sound¬ 
ness of his management. 

Morgan was a hard worker; be was kind and helpful to other workers, 
and a valuable counsellor in all chemical business. He was awarded the 
medal of the Society of Chemical Industry, of which he was President 
from 1932 to 1933. In 1916 he became a Fellow of the Royal Society. He 
was knighted in 1930. 

JoHK Hkkby Micheix (1863-1940) made very important contributions 
to the subjects of elasticity and hydrodynaunios. After an early education in 
Melbourne, Miohell went to Cambridge. He was bracketed senior wrangler in 
the Mathematical Tripos in 1887, and was elected to a Fellowship at Trinity 
College. His work included the solution of a niunber of problems related'to 
the behaviour of structures under stress. He discussed hydrodynamioi^ 
problems also, and among other investigations he was responsible for that 
relating to the 'highest wave’ in water. 

He was for some years a lecturer in the University of Melbourne, and 
subsequently professor of mathematics. He retired in 1928. He was a hard 
worker, who kept up his devotion to his special subjects until the end of his 
life. He was an excellent teacher and writer. A former student of his, 
Professor Massey, writes that his modesty and good nature, combined with 
his remarkable intellectual qualitira and willingness to assist in the 
smoothing out of difficulties, however trivial, endeued him to his students. 

He became a Fellow of our Society in 1902. 

Syoeky Johk Hioksok (1869-1940) was a distinguished zoologist 
devoted to the study of sedentary forms of life. In his early years at school 
he acquired a liking for the study of natural soience, which afber his first 
class in the Cambridge Tripos of 1881 led to his establishment in the 
laboratory of Michael Foster and F. M. Balfour. There he completed a 
classical research on ‘The eye and optic tract of insects’. In 1882 he 
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became demonstrator to Moseley at Oxford and in 1888 was a deputy 
professor there. He spent a year in zoological and anthropological studies 
in Celebes. For a few years he lectured at Cambridge and in 1894 was 
appointed to the Beyer professorship of zoology at Manchester. There he 
aooomplished the great work of his life. While he pressed on with bis 
zoological work, he also played a great part in the work of the University 
as a whole; he took a great part in the promotion of social life of the 
University, especially on the women’s side. He was enthusiastic in the 
promotion of nature teaching in schools and in the development of school 
museums. He was a great figure in the educational world of Lancashire. 

In 1926 he retired to Cambridge and, though he could now look back on a 
long life devoted to scientific work, he continued his zoological researches 
with even increased mastery, until he died in the early months of this year. 
In 1895 he was elected a Fellow of our Society. 

Rookks Evblyn Beix Csohfton (184&-1940) was one of the most 
notable and honoured figures of electrioal engineering, because on the one 
hand he was associated with its first lumbering efforts and on the other 
because he himself was the author of many of the advances which gave to it 
its present adaptability and enormous power. It was an extraordinary 
experience to meet in recent years this wonderful old man and to remember 
the variety of his experiences; they went so far back as service in the 
Crimean war, for which he held the medal smd Sebastopol clasp. He was 
for some years after that at Harrow, which he left in 1860. He joined the 
Rifie Brigade when he was eighteen and served in India. He was seconded 
for special service as superintendent of the Government Steam Train 
Department. He backed his pioneering work on mechanical transport by 
his construction of 'The Blue Bell’ which had an average speed of four 
miles an hour, but was followed by other ‘Blue Bells’ that moved some¬ 
what faster. From 1878 he devoted himself to the new problems of 
electrical engineering, and was associated with other pioneers, John 
Hopkinson, Willans, Swan and others, in the first enterprises of a new 
industry. He lived to see the world-wide application of designs and con¬ 
ceptions with which be himself had been associated at the beginning of his 
long life. He was naturally elected on many occasions to the presidency of 
great engineering institutions. He was elected to oxn Society in 1933. 


WaIiDEMAH Chbistoveb Bb^ggeb (1861-1940) was a very distinguished 
geologist and mineralogist. His main work was concentrated on the rook 
formation and contents of the Oslo country and its fiords. So thoroughly 
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did he describe this very rich dietriot that it became a vrell-known field of 
study to which Biegger himself often acted as guide. This work won for 
him the Ulurohison Medal of the Qeologioal Society of London. iri)m 1900 
onwards he occupied the chair of mineralogy and geology at the University 
of Orio. His enthusiasm for soientifio research, his great ability in his own 
field, and his considerable administrative powers, gave him a leading place 
among Norw^pan scientista. He has been described as one of the most 
prominent men of science whom Norway has ever produced. He was 
elected to a Foreign Membership of our Society in 1002. 

The Earl of Cbawvobd akd Bai/jabbss (1871-1940) became a Fellow of 
our Society in 1024. So strong and able had been his support of all that the 
Society stands for that the Gounoi) gladly exercised on his behalf their right 
to elect a very limited number of persons on the ground that their election 
would be of signal benefit to the Society. Lord (hrawford was educated at 
Eton and Magdalen College, Oxford. For some yean he sat in the House of 
Commons; he served in the war of 1914-18 as private and as lieutenant. In 
1916 he was recalled to England to take office as President of the. Board 
of Agriculture and Fisheries, and subsequently held other offices in the 
Government. He was a member of the Cabinet in 1916 and 1922. He 
was Chancellor of the University of Manchester, a Trustee of the British 
Museum, of the National Gallery, of the National Portrait Gallery, and he 
was chairman of the Fine Art Commusion. In all the duties which fell to him 
in these and other offices he took infinite pains to make his services effective. 
He drew largely on his extensive knowledge of archaeology, of the history of 
art, and of the humane studies in general. The nation has reason to be 
grateful to him for the good taste which has been displayed in many 
public activities, and we of the Society in particular for the warm support 
which he gave to the advancement of knowledge of every kind. 


Thoiias Hbath (1861-1940) was, as Sir D’Aroy Thompson has de¬ 
scribed him in an understanding memoir, one of the most lean^ and 
mdustrious scholars of our time. He was one of the last to wUKouble 
honours at Cambridge, where he took a first class in the ClassiA Tripos 
and was high in the list of Wranglers He entered the Treasury iijf1884 and 
rose to be one of the two Permanent Secretaries. ' 

All his leisure was spent on the subject of Greek mathemati^, to which 
his studies at Cambridge supplied an apt introduction. He became a 
master in this field of knowledge. He wrote books, which are aooepted as 
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standardB, on the work of Diophantns, Apolonins of Peiga, Arohimedea, 
Enolid and other Greek mathematioians. They are remarkable for their 
oompleteneas and aoouiaoy. 

In addition to his pubUo service at the Treasury and subsequently as 
Comptroller-General of the National Debt Office, he was one of the Cam¬ 
bridge Commissioners under the Universities of Oxford and Cambridge 
Act of 1923, and a member of the Royal Commission on Museums and 
Galleries from 1927 to 1929. He was elected to our Society in 1912, and 
served twice as a member of Council. He was knighted in 1909. 

Patbiok Laidiaw (1881-1940) is best known probably for his work 
on canine distemper, and on influenza. He was educated at the Leya 
School and St John’s College, Cambridge, completed his medical course 
at Guy’s Hospital and graduated in medicine in 1907. From 1909 to 1914 
he was a member of the staff of the Wellcome Ph 3 rBiologioal Research 
Laboratories, and during that period carried out in conjunction with Dale 
a standard piece of research on histamine. He then joined the staff of 
Guy’s Hospital as Lecturer on Pathology, but in 1922 returned to a research 
post at the National Institute for Medical Research. 

Laidlaw’s work with Dunkm on distemper led to the successful immuni¬ 
zation of dogs, for which surely he will long be remembered with gratitude. 
It should further be remembered that this was a relatively early study of a 
virus disease from all aspects, including the means of producing immunity 
to the infection. The methods which Laidlaw evolved in the course of it 
played, accordingly, an important part in the astonishingly rapid de¬ 
velopments which have since taken place in this field. Prominent, again, 
among these was the further discovery made by Laidlaw, with Andrewes 
and Smith, of a virus as the primary infective agent in epidemic influenza, 
which has opened entirely new lines of attack on that common enemy of 
memkind. He was counted to be one of the best of modem pathologists, 
whose contributions to knowledge spread also into physiology and bio¬ 
chemistry, and were only represented in part by what was published in his 
own name. His death at so early an age is a very senous loss. 

Our Society elected him to its Fellowship in 1927, and recommended him 
for a Royal Medal in 1933. He was knighted in 1936. 


Hbbbbbt Albbbt Laubens Fishbb (1865-1940) was a distinguished 
scholar and statesman whom our Society was glad to elect as a Fellow under 
the Statute which allows the Society to invite to its membership persons 
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who have lendered oonspioDoiu gervioe to the cause of sdenoe or are such 
that their election would be of sigxuJ benefit to the Society. When President 
of the Board of Education from 1916 to 1922 he instituted a number of 
reforms of the highest importance. Not all of them are in full application as 
yet, but he planned a road which our National Educational System has 
already entered and must continue to follow. Fisher’s reputation as a 
writer will doubtless rest mainly on his famous Hilary of Europe, but 
many other works of his show his great erudition and painstaking accuracy. 
Besides his term of public duty as a Cabinet Minister, Fisher spent some 
years as Vice-Chancellor of the University of Sheffield, and he was Warden 
of New College, Oxford from 1925 until his death. He was a Gkivemor of the 
B.B.C., was a Trustee of the British Museum and filled many other im¬ 
portant posts. He was given the O.M. in 1937; and joined our Society in 
1920. 

Altrsd Cobt Haddon (1866-1940) was in his school-days intended for 
his father’s firm of printers and type founders, but his interest in zoology 
was so compelling that he was in the end sent to Cambridge where he worked 
at zoology under F. M. Balfour. For a short time he served as a demon¬ 
strator in comparative anatomy, and then was appointed to the professor¬ 
ship of zoology in the Royal College of Science in Dublin. He became 
secretary of the Dredging Committee which worked off the south-west 
coast of Ireland. He was sent to Torres Straits in 1888. The year which he 
spent there roused those interests in anthropology which governed the 
work of the rest of his life. He was one of our first anthropologists, and not 
only that but also one of the leading pioneers of a new science. In 1900 he 
became a lecturer in physioal anthropology. The importance then attached 
to the subject was measured by his salary of £60 a year. In 1808 the 
Cambridge Expedition to Torres Straits was formed with Haddon as 
leader. Though its preliminary purpose was the rescue of knowledge 
concerning the decaying culture of a primitive people, its main intention 
and its principal work was the study of the people’s psychology, as a part 
of that social anthropology now become so important. 

Haddon’s own share in the work of the expedition led to his election to 
our Fellowship in 1899, and to a Readership in Ethnology at Cambridge. 
His subsequent life was devoted to the development and appreciation 
of his subject in many ways, by bis collection illustrating the arts, tools 
uid customs of primitive people, by his many writings and by his en¬ 
couragement of anthropological enquiry in all fields, physioal, social and 
technical. 
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Aitottstus Edwa&s Hottoh Lovi (1863-1940) was famoiu for his 
reaearohes and his writdngB on the elasticity of materialB, and partiotilarly 
for his studies in geodynamios. As a boy he was taught at the Wolrer- 
hampton Grammar School, firom which he went as a sizar and subsequently 
a scholar to St John’s College, Cambridge. He was second wrangler in 
1886, and Smith’s Prizeman in 1887. He was elected to a Fellowship at 
St John’s in 1886, and became Sedleian Professor of Natural Philosophy in 
Oxford in 1899. 

Love was an indefatigable worker who gave all his energies to the 
prosecution of the subjects in which he was so deeply interested, and of 
which he became an acknowledged master. His investigation of the forms 
of waves which may travel along the surface of the earth as it is constituted 
has been of great importance in the theory of earthquake movements. His 
Mathematical Theory of Elasticity is a standard work of the first class both 
in matter and m style. The same care and perfection appeared in his 
lectures. He contributed greatly to our knowledge of electromagnetic 
waves. 

Love became a Fellow in 1894 and twice served on our Council. He was 
awarded a Boyal Medal in 1909 and the Sylvester Medal in 1937. He 
received the de Morgan Medal in 1926 from the London Mathematical 
Society. 

JooKLYK Fieu) Thobfb (1872-1940) was educated at King’s College, 
London, at the Boyal College of Science and at Heidelberg, where he 
studied organic chemistry under Victor Meyer. From 1896 to 1910 he was 
at Owens College, Manchester, with W. H. Perkin as research fellow and 
lecturer. For the next four years he worked at Sheffield as a Research 
Fellow of our Society. Tn 1914 he became professor of organic chemistry at 
the Imperial College. 

Thorpe was a devoted student of organic chemistry. His researches were 
the foundation for some of the most important ideas and methods of to-day. 
More than that, he was, in lua generosity and sympathy, a fine leader for 
the young men who oame to work with him, and have helped on so many 
instances to place British chemistry in its present strong position. He 
laboured to draw chemical efforts toother, and to make them effective in 
the national service. He served as ohairmam of many committees and 
societies: the Indian Chemical Services Committee, Safety in Mines 
Research Board, Explosives in Mines Committee, the Chemical Society, 
and the Institute of (chemistry, and he was an active member of the 
CSiemioal Defence Committee, the Dye-stuffs Development Committee, and 
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other bodies. He edited the Supplement to Sir Edward Thorpe’s Dictionary 
of Applied Chemistry, and has recently been engaged in the production of a 
new edition of it. 

Thorpe became a Fellow of our Society in 1908; and was awarded the 
Davy Medal in 1922. He was knighted in 1939. 

Abtbub Habdbn (1866-1940) spent the greater part of his working life 
on the chemistry of the yeast cell and so made a material contribution 
to the new science of biochemistry. He studied at Owens College, Man¬ 
chester, and at the University of Erlangen. He was a lecturer at Owens 
from 1888 until in 1897 he came to London to take charge of a section of the 
British Institute of Preventive Medicine, afterwards to become the Lister 
Institute. It was as head of the biochemical section of the Institute that he 
directed for thirty years a concerted attack upon bacterial enzymes, 
bacterial metabolism, and kindred subjects. He played also a valued part 
in extending our knowledge of the vitamins. 

In 1029, for his work on alcoholic fermentation, Harden shared with von 
Euler the Nobel Prize in chemistry. As editor of the Biochemical Journal 
for twenty-iive years he had a great influence on the development of 
biochemistry in Britain. In 1030 his contribution to the System of Bacteri¬ 
ology was a very able summary of a section of this subject. 

Harden was knighted in 1936. He was elected to our Society in 1900 and 
was awarded the Davy Medal in 1930. 

Alfbud Fowlsb (1868-1940) won his way from local schools at Keighley 
in Yorkshire to the Royal College of Science in South Kensington, which he 
entered in 1882 with the aid of one of the exhibitions founded in the name 
of the Duke of Devonshire. He then became assistant to Sir Norman 
Lockyer, an association which was a main feature of his life. Their accurate 
and extensive work added largely to our knowledge of spectra. It must 
have been a source of great satisfaction to Fowler to watch the growing use 
of his spectral measurements as modem ph 3 rBics showed their full meaning, 
and the importance of their indications. In due time a demonstratorship in 
astrophysics was succeeded by an assistant professorship, and then by a 
professorship which he held from 1916 until in 1923 he became one of the 
first Yarrow professors of the Royal Society. To the end of his life he 
continued his researches on the spectroscopic side of astrophysics and won 
international reputation. He was elected to the Royal Society in 1910, 
was awarded a Royal Medal, and was the recipient of many foreign 
honours. 
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Fowler was a man of great oharm. His ooUeagoes, his friends and his 
students loved him for his oontinuoos willingneas to help Ai\d the warmth 
of his enoouragement, and they admired him for the perfection of his work. 

Autbbi) Oibbs Boubkb (1809-1940) was a biologist of distinction whose 
chief services were given to Madras and the educational institutions of the 
Madras State. He was educated at University C!ollege and the Royal School 
of Mines, London. He was an assistant to Bay Lankester from 1879 to 
1885; the last two years of this period was spent in research at the Zoological 
Station at Naples. In 1885 he was appointed to the chair of biology in 
Presidency College, Madras; he was Registrar of the University, Botanist to 
the Madras Uovemment, Director of Public Instruction and held in suc¬ 
cession a number of other important public posts. He was Director of the 
Institute of Science at Bangalore from 1915 to 1921. He wrote on a wide 
range of biological subjects and rendered valuable aid to Indian science. 
He was made K.C.l.E. in 1913. He was elected a Fellow in 1895. 

OuvBB JosBFH LoDOB (1851-1940) wiU be remembered for the highly 
important contributions which he made to the theory and the use of elec¬ 
tric waves. His work in this field was done in the closing decades of last 
century, though for many subsequent years he was an active and in- 
finential leader in physical science. 

Lodge was able to enter the University of London mainly as the result of 
unaided study, but having made his entry he was quick to develop his 
exceptional abilities. Ho had the advantage of doing exjieiimental research 
under Frankland, Guthrie and Huxley. After he had filled various minor 
posts he became professor of physics in the University of Liverpool in 
1881. In 1900 he became Principcd of the University of Birmingham. 

Lodge was first attracted to the study of electromagnetic waves by 
Maxwell’s development of Faraday’s researches. When Herz in 1885 first 
devised experiments which demonstrated the existence of these waves, 
Lodge at once took up the new lino of research, examined the conditions for 
their emission and their receipt, and in particular showed the value of 
correct tuning. Modem radio transmission owes very much to his theo¬ 
retical investigations and to his experimental skill. This is well known, and 
yet his name would be even more closely associated with the development 
of wireless if he had not given the greater attention to research. It is a very 
interesting fact that he persisted in giving the ether a reality which is now 
considered to be unnecessary; and if his views are no longer accepted, it is 
still true that his conceptions assisted himself in his work, and were of no 
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little UBe to those who followed his lead. He was a magnifloent leotuier; 
his matter and style were of the first order, and his expoeitioDs derived 
further force from his impieesiye personality. 

He was a Fellow of our Society for fifty-three years. He was knighted in 
1902. 

Chablbs Fbbwkn Jxitkik (1865-1940) was a distinguished engineer who 
made important contributions to our knowledge of the properties of 
materials, especially of such as are used in aeroplane construction. He was 
educated at Edinburgh and Cambridge. The first twenty years of his life 
were spent in mechanical engineering practice; he was at one time Assistant 
to Works Manager at the L.N.W.B. works at Crewe, and held other posts 
of like nature. In 1908 he became Professor of Engineering Science at 
Oxford, and held this post until 1929. 

In 1920 the Aeronautical Research Committee published a ‘Report on 
Materials of Construction’ which was the result of many years’ work by 
Jenkin and his assistants. The new emphasis on lightness of construction 
required a careful analysu of all that was known respecting the strength 
and form of materials and the purposes for which they were intended. 
Jenkin demonstrated the inadequacy of previous knowledge and directed 
enquiry into the channels that had become necessary. A vivid account of 
the position is given in his Presidential Address to a section of the British 
Association in 1920. He emphasized the need for studying the processes of 
‘fatigue’, and the effects of surface cracks and other defects superficial 
and internal. He extended our knowledge of corrosion fatigue. He made a 
number of other interesting enquiries with matters of physical and engi¬ 
neering science, such as earth pressure, refrigeration, loud speakers, an 
‘ Oxford Astrolabe ’ and so on. A man of great energy, and a keen student, 
he has given good service to engineering science. He was elected a Fellow 
in 1931. 

The Dukb of Bsdfobd (1868-1940) was one of the main supporters in 
this country of zoological studies, by his writings, by his services to 
zoological enterprises and by his generous expenditure on behalf of zoo¬ 
logical work. He formed a magniiioent collection of animals at Woburn 
Park and studied very thoroughly the conditions of acclimatization in 
Britain of animals foreign to the country. He was President of the 
Zoological Society from 1899 to 1936 and was responsible for many of the 
great advances made by the Society during that period. He took a special 
interest in the Aquarium and in lil^psnade. 
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He serred in the Grenadier Guards in Egypt in 1882 and was A.D.C. to 
Lord Dofierin when Viceroy of India. He served also in the regular army 
from 1914 to 1919. He was A.D.C. to King Edward VII and King George V. 
He was President, for a period, of Umversity College Hospital, also of the 
Imperial Cancer Besearoh Fund, and he was for some years a Trustee of the 
British Museum. Our Society elected him to its FeUowship in 1908, being 
amdouB to show its deep appreciation of the benefits which zoological 
sdenoe had reoeived at his hands. 

JossPH JoHiT Thomsok (1866-1940) was one of the greatest men of 
science of our time. He had the affection and esteem of the whole world of 
culture. When he died, a few weeks testimonies of his personality and 
appreciation of his work appeared in every journal, and every sdentist 
remembered that in some way or other he was in his debt. 

The very number and fullness of the descriptions of the man and his 
work make it superfluous for me to relate the details of his life. We all are 
in fact well acquainted with them. As Fellows of the Royal Society of 
which he was a most distinguished member, we think gratefully of his 
services to those principles and purposes which are our essential care. He 
was entirely the type of man of whom our Society can most be proud. He 
was a great physicist, whose insight and perseverance revealed new modes 
of research, leading to some of the most wonderful advances of our time. 
He was an inspiring teacher. Ho gave fine service to his University, to his 
College, Trinity, of which since 1918 he had been Master, to our Society 
and, in many ways not always well known, to the national Government. 
It was all recognized. Numerous honours came to him firom learned bodies 
in all parts of the world; he was awarded the Nobel Prize in Physios 
in 1906, he was knighted in 1908, and the King awarded him the Order 
of Merit in 1913. 

He was our President from 1916 to 1920, and at many other times a 
member of our Council. 

TTAttOT.n Cabpbntkr (1876-1940) had a world-wide reputation as a 
metallurgist, whose acknowledged position as a leader was due to the very 
great contributions he had made both to theory and to practice. At 
Oxford he was a scholar of Merton and obtained a first class in the Natural 
Science Honours Schools. He studied also at Leipzig, and was given the 
Ph.D. He was a research fellow and demonstrator at Owens College, 
Manchester, firom 1898 to 1901, and professor of metallurgy at Manchester 
from 1906 to 1913. When the National Physical Laboratory was foimded 



16 


Anniversary Address by Sir WiUiam Bragg 

he waa appointed to be head of the Chemioal and Metallurgioal Depart- 
menta: the moat important and fruitful yean of hia life were apent aa 
profeaaor of metallurgy in the Royal School of Minea. 

Carpenter’a chief work waa concerned with the atudy of the formation 
and propertiea of alloya. He laid a foundation for thia in a aeriea of original 
and accurate reaearchea. Perhaps the best known of hia achieTementa la 
the method of producing single crystals of metals, by means of which it baa 
been possible to throw a new light on the relation between structure and 
properties. These laboun have fortunately coincided with, and to no small 
extent have been responsible for, the growth in the knowledge of alloy 
structure which has had a most important influenoe not only on metal¬ 
lurgioal science but also on its application to British industry. 

Carpenter was in turn President of all the great metallurgical institutions 
of Britain. He was frequently asked for advice by the Government and by 
industrial conoems. He waa an excellent teacher. He has left behind him 
an abiding influenoe on metallurgioal science. 

Carpenter received many acknowledgements, British and foreign, of the 
esteem in which he waa held. He became a Fellow of our Society in 1918, 
and was knighted in 1929. 

Chaslks Gabrisl SBLtoaiai? (1873-1940) was educated at St Paul’s 
School and St Thomas’s Hospital, where he became house physician and 
director of the Clinical Research Laboratory. His first contact with 
anthropology was made when in 1898 he joined the Cambridge Expedition 
to the Torres Straits imder Dr Haddon, of whom I have already spoken 
to-day. Although he went back to his medical research work when the 
expedition returned, and was appointed to direct the clinical laboratory 
at hia old hospital, he had become ao interested in ethnological study that 
he devoted to it the rest of his life. In 1904 he revisited New Guinea as a 
leader of the Daniels Ethnographic Expedition. In 1908 he went to Ceylon, 
accompanied by his wife, who also was an enthusiaatio worker on the same 
lines, in order to gather knowledge about the Veddas. From 1909 onwards 
the two ethnologists were engaged with the concurrence of Government in 
the study of the peoples of the Sudan. All these researches were of the 
greatest importance to a new and growing subject. In 1910 Seligman was 
appointed lecturer in ethnology in the University of London, and in 1913 
professor of that subject at the London School of Economics. He took a 
leading place in anthropological and ethnological societies and meetings in 
this country. His full and able descriptions of his observations and 
discoveries are standard works. He became a Fellow of our Society in 1919. 
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lUNUnx Axtort HAsnsLD (1858-1940) waa a great angliMMw* apii nietal* 
Inrgist. Hli akill, energy and direotiTe power made the Heola works one of 
the most important and distinotiye of the steel works of modem times; his 
snooesa was largely due to the devoted attention which he gave to sdentiflo 
lesearoh into the processes of his industry. In 1875 he entered the labora¬ 
tories of the works founded by his father: his attention was quickly drawn 
to the several attempts which had been and were then being made to add 
to the properties of manufactured steel by the addition of other substances, 
partioularly manganese, and in 1882 he produced his famous 12% man¬ 
ganese steel, which was non-magnetio, became softer and tougher on 
quenching from high temperatures and was extremely resistant to abrasion. 
Later he was instrumental in developing the silicon and aluminium steels 
which have been of great use in the oonstmotion of electrical transformers 
and machinery. 

Hadfield was thus successful in the development of great enterprises 
which have been of immense value to this country. He attached high 
importance to research, and was generous and persistent in its support. 
His liberality was exercised in many other ways. He was elected a Fellow 
of our Society in 1909 and was a frequent contributor, alone or in collabora¬ 
tion with oiliers, to the Royal Society Proeudings. He waa knighted in 
1908, and received a baronetcy m 1917. 


Hxnby Hkad (1861-1940) was a great neurologist who made important 
contributions to the knowledge of sensation, especially in relation to the 
skin and the spinal cord. He studied also the problems of aphasia. 
His work was original and led the way to much of the reseucb of the 
present day. 

Head was educated at Charterhouse and at Cambridge, where he was a 
scholar of Trinity College. He studied also at the German University of 
Pmgue and at the University of Halle. He worked for his medical degree at 
University College, London. He became a Fellow of our Society in 1899 
and was knighted in 1927. 

Taking his place worthily in succession to Ferrier, Jackson, Horsley and 
Gowers, great British neurologists and Fellows of this Society, Head gave 
most of his working years to the study of diseases, and particularly those of 
the nervous system, by the experimental method which he had learned as a 
physiologist. Wis enthusiasm led him to study on his own person the 
process of recovery from an experimentally inflicted nerve lesion, and he 
a special gift for communicating his enthusiasm to others. During the 
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la«t 20 yeazs of hia life a diaeaae depriTod him paro g ieariTdy ofthepo>werof 
movement, but left him to the end full of interest in reeearoh and in its 
further promotion. He was knighted in 1927. 

Vito Voltssra (186(K-1040), who at the time of his death had been a 
Foreign Member of the Royal Society for thirty yean, was one of Ute fore¬ 
most mathematioians of the age. A&zex graduating at Plea and hdding 
chain in that University and in Turin, he was appointed in 1900 Professor 
of Mathematical Physios in the University of Rome, and later a Senator of 
the Kingdom, the Italian Government making use of his ability in the 
oosoduct of affain in many missionfi to other countries. In the Senate 
during the yean 1914-10, he was one of the strongest supporten of Italy’s 
entry into the war on the side of the Allies. 

In 1931, having refused the oath of allegimioe then imposed on University 
Professors by the Faaoiat Government, he was deposed from his chair. His 
last years were spent chiefly in Paris. 

He will be remembered in the history of mathematics as the creator of 
the theory of integral-equations ‘of Volterra’s type’, the theory of func¬ 
tionals, and the theory of integio-difPeiential equations, and as the greatest 
of the pioneers in the application of mathematics to biological problems, 
especially the fluctuations in the numbers of animal spedes living together. 
His contributions to mathematical physios, particularly to the theory of 
electricity, were also of the first importance; and it was most often ^m 
physical problems that he derived the flbnt suggestions for his disooveries in 
pure mathematics. 

Abthxtb Nbvillk Chambbulaht (1869-1940) was elected to our Society 
in 1938. The tributes to his life and work have been so many and so 
appreciative, being based on the universal admiration of himself and of his 
labours, and are still so fresh in our memories that it would be useless for 
me to add to them. 1 will say only that we have been proud to have his 
name on our roll, and that we remember with gratitude his support of 
learning, mid his strivings that the world should be governed by reason and 
good will. 


Fbbdbbiok WaUiAOB Eowabds (1888-1940) was bom at Fletton, 
Peterborough. From the Ciambridge County School, where he early dis¬ 
played a marked attraction to botany and Boology, Edwards entered 
Christ’s College, Cambridge, and graduated in 1909; he took the degree of 
So.D. in 1931. 
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In. IdlO he joined the staff of the Department of Zoology in the British 
Mnseam, as an assistant in the Entomologioal section. In 1QS7 he was 
promoted to be Deputy Keeper of the Department of Entomology which 
had been created in the interval. He was given charge of the mosquitos, 
the crane flies and the British ooUeotion of Diptera. Edwards flung himself 
wholeheartedly into his task and from the very first his published work 
showed a mastery of his subject and a great critical faculty. 

In addition to his purely museum work, Edwards made two successful 
expeditions, the first to Patagonia, Chile and the Argentine which produced 
a far-reaching account of the Diptera of these regions. The second expedi¬ 
tion was made firom a desire to investigate the relationships existing between 
the faunas of the isolated high mountain groups of East Africa and was 
oonoentrated mainly on Mount Ruwenzori. The first results of this last 
expedition have also been pubUshed. 

Edwards has described some 2000 new species, but his descriptions were 
only incidental to constructive taxonomic work on a large scale and his 
output of published work is represented by over 270 titles. 


Ebnbst Wiluam MaoBhidb (1860-1040) was a very able zoologist who 
adhered strongly to the * Liamarokian view of the inheritance of acquired 
characters’. He was educated at Queen’s College, Belfast and St John’s 
College, Cambridge, whore he was a Foundation Scholar. He studied also 
at the Biological Station at Naples. At Cambridge he came under the 
influence of Adam Sedgwick, and was led to an extensive study of the 
embryology of the Echinodermata: in after years he contributed an im¬ 
portant article on this subject to the Cambridge Natural History. He held 
the Strathoona chair of Zoology at McGill University from 1897 to 1909; 
from 1913 to 1934 he was Professor of Zoology at the Imperial College, 
London. He did useful pubUo service in connexion with Fishery Besearch 
and other zoologioal enquiries; and wrote a number of impoitiuit books and 
papers. 

He became one of the leading authorities on embryology, to which his 
early work on the Echinodermata had introduced him. The strong views on 
Lamarckism were held with great vigour and much experimental work and 
argument were spent in the defence of his position against opposition. He 
became a Fellow of the Society in 1906. 



20 


Annwersaty AddnM hy Sir William Bragg 


Awards of Medals, 1940 

The CoFLXY Mxdal hae been awarded to Profeoeor Pauxi Lawoiviv. 

Ptofeasor Langevin was one of tiie band of young {doneeira who, in the 
closing years of the last century, were engaged in exploring the field which 
had been opened up by J. J. Thomson’s discovery of the electron. He 
spent a year (1897-1808) at the Cavendish Laboratory, and his Paris 
ds So. thesis (1002) is dedicated to J. J. Thomson. The thesis, a notable 
one, was entitled Beeherdies sur les Chut loniais. It dealt mainly with the 
recombination and mobilities of ions, theh coefficients and the relations 
between them. It is a standard work on this subject. In it he also devised 
and applied new and elq^t methods of measuring these quantities which 
were an advance on all their predeoessors and have not since been improved 
upon to any appreciable extent. Related to this, and coming later, were 
important contributions to the theory of the difFhsion of gaseous ions and 
its relation to ionic mobilities. 

Langevin’s greatest achievement is the foundation of the electron theory 
of magnetism. The theories of paramagnetism and of diamagnetism are 
still very much as he made them and left them over thirty years ago. 

There are few branches of contemporary physics which he has not 
illuminated and improved by his writings, and his work generally has the 
qualities of breadth, cleanness, elegance and completeness which stamp 
the master. 

He ham had a great intemational influence. He has been a prominent 
figure at adl the meetings of the conferences arramged by the Institut 
Intemational de Physique Solvay sinoe they started in 1911. On the death 
of Lorents he waM chosen to succeed him as President of the Institut. 

He was awauded the Hughes Medatl in 1915 and elected a Foreign 
Member of the Society in 1928. 


The Rxtmvosd Mbdal is awarded to Professor Kasl Mamra Gbobg 
StBGBAHW. 

Professor Siegbahn, member of am old Swedish family, is, in the field of 
X-rays, what Rowland was in the field of ordinary optics sixty yearns ago. 
He has introduced high precision into X-ray measurements. For example, 
the most accurate wave-length measurements in 1913 were those of 
Moseley, with am accuracy of about 1%. By a brilliant succession of 
improvements in methods, design, invmitions and technique, Si^badin by 
1924 had improved this to 0-001 %, a factor of 1000. 
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Siegbahn is not only a great phjrsioist, he is also a great engineer. He 
has nutde inventions and improvements in almost every naefnl type of 
^puatus connected edth X-ray measnrements, pumps, gratings, X-ray 
tubes, ruling marthiwyi , etc. 

Among his many achievements are the determination of the structure 
of the L setke of X-ray speotra, the discovery of the anomalous dispersion 
of X-rays (with Hjalmar), the accurate and direct measurement of the 
grating spaces of oaloite and rook salt, and the selection rules for the 
firequenoks of X-ray absorption edges. In conjunction with Larsson and 
Waller, he was the first to deviate X-rays with a prism. They developed this 
method till they oonld obtain by it measurements of refractive indices for 
X-rays which are of quite surprising accuracy. 

In recent years he has been much occupied with the development and 
improvement of methods of measurement of ‘ultra-soft ’ X-rays, the region 
between about 10 to 600 A, and with conspicuous success. This covers the 
gap between the ordinary X-ray r^on and the optical region of radiation. 

He and his students have also been much interested in the values of the 
fundamental constants of physios and have made important contributions 
to our knowledge of them. 

He has written a masterly book on the spectroscopy of X-rays. An 
extraordinarily large proportion of the information in it is due to the work 
of himself and his students. He has created an outstanding school at 
Uppsala and Stockholm, which now represents most of the physics of 
Sweden. 

He was awarded the Hughes Medal in 1934. 

A Boyai. Mbdai, is awarded to Professor Patbiok Maynabd Stuabt 
Blaokxtt.- 

Professor Blackett is especially distinguished for his work on cosmic 
rays and the particles oonnected with them. 

The early work which first brought hk name into prominence was 
concerned with the disint^[ration of nitrogen by a-partioles; arising out 
of the experimental observations was the convincing proof that the dis- 
int^pration process originated in the actual capture of the a-partiole by 
the nitrogen nucleus. 

The demonstration of cosmic-ray showers was one of Blackett’s early 
successes with direct Wilson chamber photographs, but perhaps his most 
speotaoular discovery—^made sunultaneously by Anderson in America— 
was that, in a large dond chamber controlled by the tripping of oonnters, 
tracks appeared which could only be explained as due to a new particle— 
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the positive electron. The importance of this disoovery in the light of 
Dirac’s theory was immediately realized by Blackett and his co-worker 
Occhialioi, and important results have eme^;ed. 

Blackett alao—in collaboration with Chadwick and Ocohialini—extended 
the work on the positive electron, and it was soon found that there were 
sources other than cosmic rays. With the same collaboration Blackett was 
also instrumental in showing that quanta of sufficient energy could produce 
a pair of electrons and this production was related to the so-called nuclear 
absorption of y-rays—a phenomenon previously known but until then 
unexplained. 

Blackett has followed up his oosmio-ray work and has published a 
number of very interesting papers dealing with various aspects of these 
rays. He has measured their energy, inferring therefrom a coamic-ray 
energy spectrum; he has observed, with an extraordinarily high degree of 
accuracy, the scattering and energy loss of oosmio-ray partiolee in their 
passage through metal plates and has discussed the nature of the penetrating 
component of Cosmic Bays. Two papers on this topic appeared in the 
Proceedings of the Royal Society for 1938. 

Lastly, reference must not be omitted of Blackett’s important experi¬ 
mental contributions to our knowledge of the heavy electron—^the partiole 
which seems destined to be of such importance in the understanding of the 
more familiar nuclear particles. 

A BoYAXi Medal is awarded to Dr Fbanois Hdoh Adam Mamitat.t. . 

Dr Marshall’s earlier research work (1903-1907) on the oestrous cycle, 
corpus luteum, and removal and grafting of ovaries laid the foundations 
for all the modem discoveries concerning the internal secretions of the sex 
organs. 

The publication of his large text-book on the Physiology of Reproduetion, 
in 1910, stimulated work on this subject throughout the world, not only 
on points of scientific interest but also in regard to the application to 
medicine and to questions of fertility and milk secretion in the domestio 
animals. He was engaged on a third edition of this book when war broke 
out. He is generally acknowledged to be the father of ».hia subject, 
but few papers on this branch of science to-day me published without 
some reference to his work. 

Arising out of his research, and that of his pupils, the importance of the 
anterior pituitary as a source of internal secretions, affecting not only the 
sex organs but also other body functions, has been recognized, and has 
led the way to an enormous volume of research work in recent years 
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throaghoQt the woild. It is one of the subjects in which the greatest 
advances bare been made in recent years. 

Beoently, his xesearoh has been concentrated on the exteroceptive factors, 
such as light, ultra-violet irradiation and nerve stimuli, which affect the 
■ex organs by way of their effects on the anterior pituitary. This work 
explains the physiological basis for the seasonal and other changes which 
occur in reproductive activity. He summarized this aspect of the subject 
in the 1936 Croonian Lecture on ‘Sexual periodicity and the causes which 
determined it', beside adding new matter. 

The Davy MbdaIi is awarded to Professor Habold Clayton Urby. 

Professor Urey’s first important piece of work consisted in carrying out 
extensive, accurate, spectroscopic measurements on diatomic and i>oly- 
atomio molecules. This led him in 1931 to take up a detailed investigation 
on the abmidanoe of natural isotopes of hydrogen, nitrogen and oxygen. 
During the next few years he succeeded in isolating deuterium and 
calculating the comparative thermodynamic properties of deuterium, 
hydrodeuterium and hydrogen. In 1934 he accomplished the first synthesis 
of deuteromethane. 

Deuterium or ‘labelled’ hydrogen has proved of great value in investi¬ 
gating the mechanism of many organic and biologically important reactions, 
and its use has been the precursor of the modem general isotopic exchange 
reactions. A number of deutero derivatives have been prepared by Urey 
and his co-workers, and their entropies, vapour pressures and exchange 
equilibrium constants have been experimentally determined and compared 
with the theoretical values anticipated. 

This isolation of deuterium from Ordinary hydrogen and establishment 
of the thermodynamic, spectral and physico-chemical difference between 
it and pure hydrogen, as well as in the compounds containing deuterium 
and hydrogen, is a remarkably complete piece of work, for which Urey 
received the Nobel Prize. 

More recently Urey has taken up the problem of the separation of the 
other important, naturally occurring isotopes* those of nitrogen, oxygen 
and carbon. He has examined their quantity distribution in nature and 
employed exchange methods for the enrichment of one species. 

The Dabwin Mbdal is awarded to Professor Jambs Pbtbb Hill. 

Over a long series of years Professor Hill has carried out researches on 
the development of various mammals, particularly as r^^ards the embryonic 
membranes and placenta, and added greatly to our knowledge of this 
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subjeot. Many of his oondusiona have dear eivolntionaiy implicati o ns, a* 
for example Uiat marsupials are deeoended from oviparous anoestors with 
meroblastio ova. In his Oioonian Lecture of 1982 ProfiMsor Hill sum- 
marized his xesearohes on the embryology and embryonic membranes of 
the Primates. The views of primate evdotion based on development which 
he then put forward are in accord widi those of Elliot Smith founded on 
brain anatomy, emd of W. K. Gregory on morphologioal and palaeonto¬ 
logical evidence. 

In collaboration with T. T. Flynn, Professor Hill has latdy (1089) 
published the first part of extensive researches on the development of 
monotremes, both OmUhorhynchtu and Echidna^ which will be of great 
value in hdping to assess the origin and relationships of these ^-laying 

Professor Hill’s research work is of first-class quality, being trustworthy 
and carried out with extreme care and the beet techniques; it has never 
been scamped and is rich in original results over a wide field, most of the 
oondusiona having a direct bearing on evolutionary questions. 

Few living biologists have contributed more towards the solution of 
problems bearing on the interrelationships of the main groups of the 
Mammalia and on the phylogenetic history of the Primates, a subject with 
which Charles Darwin was so much concerned. 


The Sylvester Medal is awarded to Professor Godfrey Harold 
Hardy. 

G. H. Hardy is the author, or part author, of over 300 mathematical 
papers, two books, and several of the Cambridge Mathematical Tracts. 

Much of his work has been directed to the building up of the technique 
of modem mathematical analysis, and the simplicity with which the 
routine aspects of new work can now be presented is due very laigdy to 
fundamental results established by him. 

It is characteiistio of much of his work that it has stimulated others and 
has proved to be the starting point of important developments. His work 
in collaboration with J. E. Littlewood on Tauberian theorems is an 
example. From an isolated classical result a subjeot was created which 
to-day would require a treatise for its exposition. 

His most outstanding contributions to the advance of mathematical 
knowledge have been in the theory of the Riemann zeta-funotion and the 
theory of numbers. The achievement of which, it is believed, he himself 
is most justly proud is the invention of the ‘drole method’. This is a 
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teohniqne of great beauty and generality wbioh brings great refinement of 
mathematioal analysis to bear on a wide class of unsolved problems in the 
theory of munbers. 

No appreciation of the services of Hardy to the advance of mathematips 
-would be complete which did not attempt to assess the value of his personal 
influence. Throughout his career he has been the dii-Ting force behind a 
vigorous group of younger research workers. A very considersble propor¬ 
tion of the pure mathematioal research now being published in this country 
is traceable more or leas directly to his interest and encouragement, or to 
the inspiration of his earlier work. His unstinted service during many 
years to the detailed work of the London Mathematioal Society, and the 
freedom with which his experience and advice are available to all, have 
established him in a unique position in the regard of British mathematicians. 


The Huohbs Mbhai. is awarded to Professor Abthub Holly Compton. 

Professor Compton has made a number of important contributions to 
physical science in the field of X-rays and elsewhere. Of late years he has 
been one of the leaders in the study of cosmic rays. 

The experiments of Young and Fresnel early in the nineteenth century 
proved that light certainly had undulatory properties. But in the present 
century facts have been emerging, notably in connexion with photoelectric 
action, which are impossible to reconcile with the assumption that light 
can be described only as an electromagnetic wave of the classical type. 
These difficulties disappeared if light of frequency v is assmned to be 
dynamically equivalent to a collection of particles of energy hv 
{h » Planck’s constant). 

It occurred to Compton that from this standpoint the interaction 
between radiation and free electrons is very simple, and in fact is the 
simplest interaction which radiation can undergo. Associated with the 
energy hv, according to the electromagnetic theory, there is momentum 
hu/c (c = velocity of light). The interaction is thus reduced to a very 
ancient problem, that of the encounter of two infinitesimal billiard balls 
with known energies and momenta. As the radiation moves with the 
velocity of light, in most oases the electron can be treated as if it were at 
rest. It is then obvious that in the collision the electron -will acquire energy 
from the radiation cmd the conservation of momentum requires that if the 
electron moves off in a certain direction the radiation -will travel in a 
certain other direction. But reduction of energy of a quantum of radiation 
means increase in wave-length, and this increase will be a predetermined 
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fanotion of the direction of the ‘scattered* radiation and of the direction 
of motion of the ‘recoil’ electron. 

He published these conclusions in 1922. In 1928 he established the 
change in wave-length, first quaUtalivdy by BarUa’s abeorptkm coefficient 
methods and then quantitatively with t^ X-ray spectrometer. In the 
succeeding years he investigated the energies of the recoil electrons as a 
function of their direction of motion and showed that the correlation, 
predicted by the theory, between the direction and energy of the recoil 
electrons on the one hand and the direction and change of wave-length of 
the radiation on the other did in fact occur. This correlation is of funda¬ 
mental importance in the general theory of the interaction of radiation 
witih matter. 



The apparent sizes of atoms in metallic crystals with 
special reference to aluminium and indium, and 
the electronic state of magnesium 
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The interatomio distaooea in oryatals of Alloys cannot be accounted for by 
HMigning a fixed atomic radius to each kind of atom, and tbe cauaea of this 
variation are disousaed Tiith special references to the Bnllouin sone char- 
aoteriatics of different structures. According to the theory of Jones, the 
efEect of an overlap across the aide of a Bnlloum zone is to compress the 
cone at right angles to the face ooncomed, and so to expand the crystal 
lattice in the same direction. This expansion is not a property of an atom 
which can be transferred to any of its alloys, but is a charactenstio of a 
structure with sufficient electrons to produce an overlap. The lattice spacings 
of alloys of aluminium and indium with copper, silver, gold, and magnesium 
are examined, and the apparent sizes of the alumimum and indium atoms 
are discussed, and are shown to be m agreement with the theory. The 
previous suggestion, that in metallic alumimum the atoms exist m an incom¬ 
pletely ionized state, is improbable, and is no longer required m order to 
explain tbe facts. New experimental data for the lattice spacings of solid 
solutions of aluminium and mdium are presented, and these show that, 
whilst the curves conneotmg the a parameter with the composition are 
smooth and oontmuous, the corresponding curves for the c parameter show 
an abrupt change in direction at about 0-75 atomic % of mdium or 
aluminium. This is taken to imply that, although in metafile magnesium 
with two eleotrons per atom, the overlap of the first Bnllouin zone is m 
the a direction only, the structure is so near to the stage at which the c 
overlap sets in that the addition of less than one electron per hundred atoms 
causes the e overlap to take place. 


I 

It is well known that the interatomio distanoes in crystals of alloys 
cannot be accounted for by assigning a fixed atomic radius to each kind 
of atom, but that the apparent size of the atom depends on the nature and 
crystal structure of the particular alloy concerned. This variation in size 
has been ascribed to many factors, of which the following may be noted: 

(a) The effect of co-ordination number. For ionic crystals, this effect is 
well understood, and a satisfactory theory exists. For the metals the 
position is less satisfactory, and, although the work of Qoldschmidt ( 1928 ) 
[ 27 ] 
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raggMts oleaily that deoreaaiiig oo-ordinatlon number reenlta in a omi> 
traction of the atomic radius, there are comparatiyely few cases in which 
the effect of oo-ordiostion can be tested without the introduction of other 
oomplioating factors, some of which are described below. 

( 6 ) Changes in the degree of ionvsation. It is now aco^ted by many 
writers that the large interatomic distances in crystals of thallium (3’40 
and 3-40 A) and lead (3*49 A) compared with that in the preceding element 
gold ( 2‘88 A) are due to the great stability of the T1+ and Pb++ ions, which 
results in these elements existing in forms resembling univalent and di¬ 
valent, rather than tiivalent and tetravalent elements respectively. The 
effect of this in connexion with the Brillouin zone theories of metals has 
not yet been discussed, and for some purposes it is considered as Intimate 
to regard aU three valency electrons of, say, thallium as building up the 
zones, although, as regards cohesion, the nnderl 3 ring sub-group of two 
electrons is sufficiently developed to give rise to repulsion rather than to 
attraction, and to increase the interatomic distances. It has been suggested 
thal the same phenomenon is the cause of the relatively large interatomic 
distances in indium and white tin. The fact that the interatomic distances 
in metaUio aluminium are greater than those in many alloys has also been 
ascribed to the same phenomenon, but this explanation is very unsatis¬ 
factory, since the univalent Al'^ ion is very unstable. It is one of the 
objects of the present paper to present an alternative explanation. 

(c) Electrochemical effects. In alloys of two metals, which differ widely 
in the electrochemical series, there is a tendency for the intermediate 
phases to acquire some of the ohaiacteristios of definite compounds, and a 
contraction in the interatomic distances is to be expected in both the inter¬ 
mediate phases, and the primary solid solutions. 

(d) Polarization and Van der Wools effects. It has been suggested by 
Raynor ( 1938 ) that some of the departures from Vegard’s Law in alloy 
systems ore due to polarization and Van der Waals effects. These effects 
may be particularly important in alloys for which the interatomic distances 
are controlled mainly by the electron clouds of the ions (‘full’ metals). 

It is the object of the present paper to suggest that, apart from the above 
fiaotors, the apparent sizes of atoms in different struotuies are infln«nned 
by the Brillouin zone characteristics of the structure, and to illustrate this 
effect by some clear examples. For convenience we shall use the term 
‘normal atomic diameter’ to denote the closest distance of approach of 
the atoms in the crystal of an element, and, where the structure is such 
that an atom has neighbours at slightly different distances, we shall refer 
to the atomic diameter in a particnilar direction. When a substitutional 
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solid solution is formed in an element, there is usually a linear relation 
between lattice spacing or interatomio distance, and the composition in 
dilute solutions. If this straight line is extrapolated to 100 % of solute, 
the resulting interatomic distance may be called the apparent or extra¬ 
polated atomic diameter of the solute in the primary solid solution con¬ 
cerned. In the same way, for an intermediate phase of variable com¬ 
position, if the lattice spaoing-oomposition relation is linear, the straight 
line may be extrapolated to give the apparent or extrapolated atomic 
diameter of the two elements in the particular phase. 

II 

The general method of representing conditions in a metal is to draw one 
curve ( 1 ) representing the energy of the lowest electronic state as a function 
of r, the distance between the atoms, and a second curve ( 2 ) showing the 
Fermi energy as a function of r. The interatomic distance in the metal is 
then given by the position of the minimum on the curve obtained by the 
summation of ( 1 ) and { 2 ). The curve ( 1 ) is obtained by some method 
involving the wave-functions of the atoms, whUst the curve ( 2 ) is obtained 
from the simplified firee-electron theory, or the more complete theories 
involving Brillouin zones. This method may be considered as one in which 
the interatomio distance is regarded as controlled by the sum of an atomic 
factor and an electronic factor, although the valency electrons are of course 
involved in the wave function of the atom. This concept applies to both 
‘full’ and ‘open’ metals; in the latter the wave functions of the ions have 
almost vanished at the interatomio distances concerned, whilst, in the 
‘full’ metals, the mutual penetration of the electron clouds of the ions is 
considerable, and the atomic factor involves the electrons of the outermost 
shell of the ion, as well as the valency electrons. 

According to the theory of Jones ( 1934 ), the effect of an overlap across 
the side of a Brillouin zone is to compress the zone at right angles to the 
face concerned, and so to expand the crystal lattice in the same direction 
in real q>aoe. The work of Jones was concerned with hexagonal crystals 
in which the overlaps were different in different directions, but his equations 
( 6 ) to ( 9 ) are quite general, and apply to any structure, so that in a cubic 
crystal where the zone overlaps are symmetrical, the effect will be to 
produce a uniform expansion of the lattice. This expansion is not a property 
of the atom which can be transferred to all of its alloys, but is a oharao- 
teristio of a structure with sufficient electrons to produce an overlap. If, 
therefore, we consider an element X, whose crystal structure and valency 
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are such that a Brilloein zone overiap ooenra, the interatomic distanoea 
will be greater than those obtained by extrapolation of the values of the 
solid solution of Z in univcdent elements, such as sUver or ooppor, for 
which there is no overlap. The interatomic distances in the crystals of the 
element X will also be greater than those in structures which correspond 
with a completely full Brillouin zone. Further, if the element X enters 
into phases of variable composition with structures such that the Brillouin 
zone overlaps are not symmetrical (e.g. the close-packed hexagonal 
structure), the extrapolated values of the atomic diameter of X will in 
general be different for the different directions of the crystal. 

m 

Aluminium crystallizes in the face-centred cubic structure, and the 
curves of Mott and Jones ( 1937 ) show that, with three electrons per atom, 
there is a moderate overlap across the (200) planes. The interatomic 
distance in the crystal of the element, 2*867 A, should therefore be greater 
than the extrapolated atomic diameters of aluminium in solid solution in 
copper, silver and gold, and, as will be seen from table 1 , this expectation 
is satisfied. Silver and gold have almost the same atomic diameter, and 
the fact that the extrapolated value for the AuAkt phase is smaller than 
that for the AgAla phase may be ascribed to a combination of the eleotro- 
chemioal and polarization effects since both these are greater in the gold- 
aluminium alloys. The extrapolated values from the silver and gold a-solid 
solutions are, however, larger than that from the copper a-solid solution, 
and the reason for this may be as follows. The solid solution of aluminium 
in copper results in an expansion of the copper lattice, whereas the solid 
solution in silver causes a contraction of the lattice of silver. The first 
Brilloiiin zone of the face-centred cubic lattice always contains two 
electrons per atom. The effect of lattice expansion is to reduce the width 
of the band, and hence, if the N{E) curves are drawn in the usual way, 
lattice expansion results in the N{S) curve for the first zone becoming 
higher in the direction of the N{E) axis, and shorter along the E axis. 
Cionversely, lattice contraction increases the width of the band, and the 
N{E) curve for the first zone becomes longer in the direction of the E axis, 
and shorter in the direction of the N(E) axis. In dilute solutions of 
aluminium in copper, silver, or gold, the zone is only slightly more than 
half full, and the N(E) curve does not differ greatly ^m the curve of the 
free electron theory. The above considerations, therefore, show that the 
addition of a given number of electrons in dilute solid solution will increase 
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^muL. ^ greater amount in the case of lattice oontiaotion than for lattice 
expansion. The increase in pressure due to the SMldition of a given number 
of electrons wiU therefore be greater in the case of lattice contraction thn.n 
for lattice expansion, and hence, other things being equal, the apparent 
size of the aluminium atom should be greater when it produces lattice 
contraction than when it causes lattice expansion. This is in agreement 
with the foots. 

Tab^b 1 

Extrapolated 
atomic diameter 
of aliunmium 
2-71 A 

2.7S9-2-808 A 
2-77 A 


Alloy phase 
CuAlai^iaae 
AgAla phase 
AuAlc phase 


The close-packed hexagonal phase in the system silver-aluminium also 
gives a clear indication of the efifeot of zone formation on the apparent 
atomic diameter. For this phase, the axial ratios vuy with the com¬ 
position, but are not for from those required by close-packed spheres. At 
the electron concentrations concerned, this indicates that the first Brillouin 
zone is overlapped in the a, but not in the e direction. The values of the 
two duteunces of approach in this structure extrapolated to 100 % aluminium 
give the following values * 

a parameter (=> closest distance of approach in basal plane) 2’934 A, 


d or second distemoe 


of approach 


= 2-696 A. 


The extrapolated value for the a distance of approach is large in agree¬ 
ment with the foot that we are dealing with a direction involving a 
BriUouin zone overlap which, owing to' the valency of aluminium, is in¬ 
creased by increasing aluminiiuu content. The d distance of approach 
involves Imth the a and c parameters and so is not simply related to the 
zone overlaps, but since a is abnormedly large, it is clear that the extra¬ 
polated value of e must be abnonnedly small in order to give the low value 
of 2-696 A for the extrapolated d value for aluminium. The extrapolated 
values for tMa structure are thus in complete agreemmit with expectation. 

The S phase, Cu^Al^, of the system copper-aluminium has a structure 
of the y-brass type, autl corresponds with an almost full zone. The Al-Al 
distance of approach in this phase is 2-77 A and is thus smaller than the 
normal atomic diameter, in agreement with our hypothesis. 
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The 9 phase, Al^n, of the qnrtem alqmininm-gohi, has a borUliaat pnrite 
oolour with the CaF, type of e tru o tur e. This g tr u o tnr e is nenally aeerwiiated 
with an eleotion/atom ratio of 8/8, which oorreeponda with a completely 
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anna zone, and the propertieB of the compound AuAla hove led to the 
Buggeetion that, owing to the strong electrochemical factor, one of the 
eleotrona of the gold atom ia removed from the d shell. If this is accepted. 
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the oompoond AuAl, cam be regarded as a full zone structure with a strong 
deotroobemioal factor, and the An-Al interatomic distance should be 
smaller than that obtained from the normal atomic diameters ( 2*86 A). 
The actual Au-Al distance in AuAl, is only 2-69 A, and this low value is 
in agreement with expectation. 

Magnenum has a close-packed hexagonal stniotuie with axial ratio 
1*6237. At two electrons per atom, this corresponds with Brillouin zone 
overlaps in the a, but not in the e direction. The lattice spacings of the 
solid solution of al umini um in magnesium have not previously been 
measured to the highest degree of accuracy. We have determined these 
lattice spacings accurately, using all the precautions described by Raynor 
( 1940 ), and the results, which are shown in figure 1 , are of great interest. 


Tabls 2 


Alloy 

At % 

Lsttioe 

Bpaom^ 

Axial ratio 

systems 

solute 

a 

c 

c/a 

Pure Mg 

— 

3 2026 (6) 

6-1999 (9) 

1*6237 

MgAl 

0*496 

3*2001 (6) 

6*1967 (6) 

1*6286 


1997 

3*1946 (9) 

6* 1876 (9) 

1*6239 


3*786 

3*1873 (0) 

6*1784 (0) 

1*6247 


6*31 

3*1780 (9) 

6-1663 (6) 

1*6263 

Mgln 

0*63 

3 2016 (0) 

6*1982 (7) 

1*6237 


2*16 

3*1996 (6) 

6*1983 (1) 

1*6247 


4*01 

3*1973 (7) 

6* 1989 (2) 

1*6260 


7*98 

3*1924 (6) 

6-1996 (4) 

1*6287 


11*06 

3 1876 (4) 

6*2013 (7) 

1*6326 


The curve ooimecting the a lattice spacing with atomic percentage of 
aluminium is smooth and continuous, and the extrapolated atomic dia¬ 
meter of aluminium for the a distance of approach is 2*826-2-84 A. This 
is almost the same as the normal atomic diameter of aluminium (2*867 A), 
in agreement with the fact that both involve Brillouin zone overlaps. lA 
contrast to this, the curve connecting the c lattice spacing with atomic 
percentage of aluminium, shows a change in direction at about 0-76 
atomic % of aluminium, the first addition of alu minium producing a 
steeper ^ in the c spacing than further additions. The change is slight, 
but is well outside the experimental error, and is of such a nature that 
the first small addition of aluminium lowers the axial ratio of magnesium, 
whilst further increase in the aluminium content produces an increase in 
the axial ratio (see table 1). We have also determined the lattice spacings 
of a very dilute solid solution of indium in magnesium, and these values. 


VoLxTZ. A. 
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oornfatiMd with the previotu lanilte of Raynor ( 1940 ), axe also shown in 
figure 1 , from which it will be seen that the ourres for the a and e paxa* 
meters of the solid eolation of indium in magnesinm hare the same 
ohaxaoteristios as those for tiie aluminium alloys. The curve for the a 
parameter is smooth and continuous, whilst that for the 0 parameter shows 
an abrupt change in direction at about 0*76 atomic % of indium. 

The above results may be interpreted as showing that, although in 
metaOio magnesium with two ^otrons per atom, the BriUouin zone over¬ 
lap is in the a direction only, the metal is so near to the stage at which the 
c overlap sets in, that the addition of leas than one electron per hundred 
atoms enables the overlap to occur in the e direction, with the resulting 
alteration in the lattice spacing-composition relatioiu. If this interpre¬ 
tation is correct, metaUic magnesium exists in a state which is clearly of 
great theoretioal interest. 

We have already indicated (p. 31) that the seooiul, or d, distance of 
approach in the close-packed hexagonal structure is not directly related to 
the BriUouin zone overlaps since it involves both the a and c spadngs. It 
is of interest to note, however, that the extrapolated atomic diameter of 
aluminium for the d distance of approach in solid solution in aluminium 
is 2*71 A before the c overlap occurs, and 2*84 A afterwards. 

In general, therefore, the apparent or extrapolated atomic diameters of 
aluminium are in good agreement with the BriUouin zone theories, and the 
assumption of incomplete ionization in metaUic aluminium should be dis¬ 
carded. 


IV 

Indium crystallizes in the face-centred tetragonal structure with axial 
ratio 1*077, so that the structure is very neariy that of a face-centred cube. 
This results in each atom having four nei^bonrs at 3*24 A, and eight 
neighbours at 3*37 A; the atomic disuneter for co-ordination nmnber 12 
would therefore be about 3*3 A. The BriUouin zone of the &oe-oeatred 
tetragonal structure with axial ratio sUghtly greater than unity is of the 
form shown in figure 2 . This resembles the zone for the face-centred cube, 
but is compressed in the direction of the c-axu, this compression corre¬ 
sponding with the expansion of the unit ceU in real spctce in the same 
direction. At three electrons per atom, the fsoe-centred cubic structure 
involves overlaps across the 8 A and 6 B faces, and the effect of the com¬ 
pression of the zone in the tetragonal structure ht to increase the overlap 
across the top and bottom B fe>oes, and to diminish that across the re¬ 
maining 4J3 faces which may be distinguished by the symbol B\ 
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Hi* interatomio diatuxoes in ailTer uid gold axe 2*88 A, and thoae in 
indium and thaflium axe 3*24, 3*37 A, and 3*40, 3*48 A reapeotiTely, so 
that the values for thallium are about 0*1 A greater than those for indium 
in qdte of the fact that the atomic diameters of silver and gold are neariy 
equal. If we regard the values for thallium as the result of a very stable 
H'*' ion, those for indium suggest that the In'*' ion is not so stable, in agree¬ 
ment udth the general chemistry of the elements. We shall adopt the 
point of view that in metallic indium, the normal Brillouin zone effects are 
superimposed upon the effect of incomplete ionization, with ihe result that 
the extrapolated atomic diameters of indium in alloys are not so simply 
related to those of metallic indium, as are the corresponding values for 
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aluminium. Indium is idso more electronegative than aluminium, with 
the result that the eleotrochemical factor is much greater in the magnesium- 
indium alloys. 

The lattice spacing lelationshipB in the solid solutions of inditun in 
magrgyit^^avB been described a^ve, and the values for the extrapolated 
atomUdiu^lters are as follows: 


Extrapolated a v^ue 3*089 A. 

Sb^apoleted d value before the c overlap begins 3*07 A. 
E^npolated 4 value after the c overlap has set in 3* 17 A. 


These values agree with our general hypothesis, the extrapolated atomic 
value of indium being smallest in the case where there is no overlap.* The 
extrapolated atomic diameters for the diiectionB in which overlaps are 


* As explained previoosly the d distanoe of api«t>a6h involves both the a and o 
spaoingi, so that if the ezteapolated value for the a gpmdjag is 8-089 A, the o spacing 
must be small in order to give an extrapolated value of 8*07 A for the d distanoe. 
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involved (3*09 and 3*17 A) axe idativefy mudi urnaHer than the vafawe in 
metallic than are the oorreaponding valnei for altimininm, and fhUi 

difEerenoe may be ascribed to the much greater etootrochemioal fSaotor in 
the system magnesium-indiam, and to the fact that, if our views are 
correot, metallic inditim involves some tendency towards incomplete 
ionisation, in the crystal of the element, whilst alnmininm does not. 

The lattice spacings of solid solutions of indium in silver have been 
measured accurately by Owen and Roberts ( 1939 ), and by Hume-Bothery, 
Lewin, and Reynolds ( 1936 ), and the extrapolated atomic diameter is 
3*07 A. This value confirms our hypothesis, sinoe it is less than the normal 
atomic diameter in the element, and the difference is greater than in the 
case of aluminium in eigreement with the concept of incomplete ionization.* 
The lattice spacings of the solid solution of indium in gold have only been 
measured roughly by Weibke and Hesse ( 1939 ) and the extrapolated 
atomic diameter of indium is 3*12 A and is thus again smaller than the 
normal atomic diameter. 

The solid solution of indium in copper cannot be compared directly 
with those in silver and gold, since, in the copper alloy, the interatomic 
dutances are influenced greatly by the electron cloud of the indium um, 
which is larger than the ions of copper.f The extrapolated atomic diameter 
of indium from the Culna-solid solution is 3*21 A, and is thus still smaller 
than the normal atomic diameter, although larger than the extrapolated 
values from the silver and gold solid solutions where the ions of indium 
are smaller than the solvent ions. 

In general, therefore, the normal, and apparent or extrapolated atomic 
diameters of both aluminium and indium are in good agreement with the 
requirements of the Brillouin zone theories. All the examples considered 
are those in which aluminium or indium is the element of higher valency, 
so that extrapolation in the direction of increasing aluminium (or indium) 
content increases the zone overlap. The apparent atomic diameters obtained 
by extrapolation towards the element of lower valency will be influenced 
by the zone effects, but will clearly be less r^pilar, since different effects may 
be in opposition. If, for example, an intermediate phase involves a zone 
overlap, this will make the lattice spacing high, but extrapolation in the 

* The value 3-07 A for the eohd solution in silver, which involves no overlap, is 
the same as that for the extrapolated value for the d distanoe in the magnesium 
alloy which mvolves both the overlapped a spacing and the non-oveiiapped e 
spacing. This hnpliee a contraction of the magneaium-aolid solutions relatively to 
tiiat of silver, and this is due to the greater eleotrooheimoal factor in the magnesium 
alloys. 

t This influenee is shown clearly m the a-solid solubility relations. 
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dimotion of lowor Tnlenoy lednoM the overinp, and. «o makes the lattioe 
apaoiiigdeomaae mom rapidly than in the abaenoe of an overiap, and so the 
tesulting extrapolated atomic diameter involves two opposing effects. 
IrregolaritiM in the lattioe spaoing-oomposition corves an^ogous to those 
shown in figure 1, may be expected for any phase in which change in 
composition produces a cone overlap, and it is clear that this effect em¬ 
phasizes the necessity for detailed investigation if lattice spacing methods 
are used for the determination of phase-boundaries, since the bend in the 
curves would be readily overlooked if only a few allojrs were examined. 

The authors must express their gratitude to Professor C. X. Hinshel- 
wood, F.R.S., for laboratory accommodation, and many other facilities 
which have greatly aasiated the present leeearoh. Grateful acknowledge¬ 
ment of financial assiatanoe is made to the Council of the Royal Society, 
the British Non-Ferrous Metals Research Association, and the Curators 
of the Leigh Fund of the Univerrity of Oxford, and to the Imperial 
Chemical Industries Ltd., for the loan of apparatus. One of us (G. V. R.) 
thanks the Department of Scientific and Industrial Research for the award 
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The characteristics of thermal diflFusion 

By S. Chapmak, F.R.S. 

Imperial CaSlege, London 

(Received 26 September 1640) 

When a gae mixture is contained m a vessel in which a steady tempera¬ 
ture gradient is maintained, a conoentration gradient is in general ^ up. 
whose amount is determined by the logarithm of the temperature ratio, and 
by kf, the thermal diffusion ratio; the gmieral theory of non-imiform gaaea 
gives successive approximations to h]>, and the first of these, [*r]j, is aoonrate 
withm a few per oent. The paper discusaoe the dependmoe of on 
(a) the ratio of the molecular masses; (6) their concentration ratio (<4 or Of); 

(o) the two ratios of the molecular diameters, inferred from the ooe^ient of 
viscosity, to their joint diameter, inferred firom the coefficient of diffusion: 
and (d) three parametets depending on the mode of interaction betwemi the 
unlike molecules. When this interaction is aooording to the inverse-power 
law, the three parameters (d) are all expressible m terms of the mutual force 
index, and [jbj'], is a function of five independent variables. The general 
nature of its dependence on these variables is discussed, with particular 
reference to the end values (for Cj or aero) of the thermal diffusion factor a, 
given by kf/Oi e,; those end values mvolve fewer variables (less by two) than 
the general values, and their functional character can be represented 
graphically. It is shown that kr may be xero not only when or Cg is xero, 
but also for at most one mtermediate mixture ratio. Formulae for 
appropriate to various qMwial oases are also given. 

1. Introduction, Thia paper describee a systematio examination of the 
charaoteristios of thermal diSiisioD, particular aspects of which have been 
disouased previously by Enskog ( 1921 ) and myself ( 1917 a and b, 1919 , 1929 ), 
and more recently by Jones and Furry ( 1940 ), Brown ( 1940 ) and Jones ( 1940 ). 
Theunderlyingtheory,duetoEn 8 kog(i 9 i 7 , 19 si),andmy 8 elf(i 9 i 6 a, 1917 a), 
is described also in my recent book with Cowling ( 1939 ); references to this 
book will be indicated by the initials SIT. The present discussion has been 
undertaken because of the increased interest attaching to thermal difiusion 
since its application by Clnsius and Diokel ( 1939 ), using a continuously 
convective method, to the separation of isotopes. 

2 . The thermal diffusion coefficietU (D 3 .), ratio {kj) and factor (a). Of the 
two gases in a mixture, one will be numbered 1 and the other 2 . Symbols 
for quantities relating solely to one or other constituent wiU be distinguished 
by the corresponding sufiBx 1 or 2 ; those relating jointly to both oon- 
stitnents will be distingnuhed by the suffixes 12 or 21 , or sometimes by the 
single suffixes 1 or 2 . 


[ 88 ] 
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Let ni, Hf denote the nomber denaitieB of the two constituents at any 
point, i.e. the numbers of molecules per unit volume. Their volume fractions 
or concentrations, and c,, are given by 

Cl “ c,»n,/(ni + n,), (2-1) 

BO that <a+C| * L (2-2) 

It is convenient to write c = Ci-c*, (2'3) 

so that c, = i(l+c). c,-i(l-c); (2-4) 

as ranges from 0 to 1, or c, from 1 to 0, c ranges from -1 to 1. 


Let Gj and G, denote the mean molecular (vector) velocities of the two 
constituents at any point. In a non-uniform gas their difierence G^ - G| is 
given by the equation of diffusion, 

CiC*(Gi-G,) - -2)„d„-(2)r/T)gradI’ 

(of. MT, pp. 144, 244, 140), where, in the absence of external forces, and 
when the pressure is uniform, 

<*ii “ gradci; 

T denotes the absolute temperature, Dj, the (ordinary) coefficient of 
diffusion, and the coefficient of thermal diffusion. When a constant 
temperature gradient is maintained, the gas tends to a steady state of no 
diffusion, in which there is a constant gradient of concentration given by 

grad Cl x= - ty grad log, T, (2-6) 

where kj, =■ kj, is known as the thermal diffusion ratio. 

The theory of non-uniform gases leads to successive approximations to 
such quantities as i>i„ Dj., kj, and the viscosity /i; it is convenient to denote 
tiie approximation by the appropriate symbol (e.g. Du or /t) enclosed 
within square brackets bearing the suffix n, i.e. This paper is con¬ 

cerned almost wholly with the first approximation to k^, which is correct 
within a few per cent. 

The expression for kj, contains the positive factor CiC,, and it is con¬ 
venient to write 

kj. = CiC,a, (2-6) 

and to call a the thermal diffusion factor. If a were independent of the 
concentration, the graph of I;,, as a function of Ci (or c) wbuld be a parabola, 
with its vertex at Ci — c, » } or e » 0; at this point kj, would have as its 
TTiRyimiim yalue {a. But in general a is a function of e, so that though 
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j;,. ■ 0 St Cl • 0 and « 1 (or e « ± 1), its marirtinm in goneral does not 
oooor at c -i 0; we shall see, in fact, that hr may be zwo also for some inter- 
mediate oonoentration (| 16), in which case it will have both a (podtive) 
maximum and a (negative) minimum. In the present paper the duouBdon 
relates mainly to a, or rather to its first approximation fa]i; we first consider 
what factors, apart from C| or e, are involved in [a}i, 

3. TAe molecvJar mass ratio. The ratio Aj. and the factor a of thermal 
difiudon involve the molecular masses m^, m, only as ratios. It is con¬ 
venient to write 

Ml ttfiij{rni + ni^, ™ et|/(fn|^-|-nig), 

M^(m -«i,)/(«i-j-m,) - (8-1) 

so that Mi+M,^l. Jfi = i(H-Jf), Jf,-i(l-Jf). (8-2) 

The mass dependence of a will be indicated by expressing it as a function 
of M, the proportionate mass difiference. When and m, are unequal, it is 
convenient to number the two gases so that > m,, and therefore Mi > M^, 
or M>0. Hence the range of if to be conddered is 

0<if<l. 

The values of tni/tn, corresponding to some values of if are as follows: 

Af = 0 01 Oa 0-3 0-4 0-5 0-6 0-7 0-8 0-9 10 

mjmt= 1 128 IS 1-86 8-38 8 4 5-67 0 19 oC 

4. The pure and mutual force lam. The force between two molecules 
whose centres are at a distance r apart is supposed to be a function of r only, 

^i(^)i ^i(*')i or ^it(r)> according as the molecules are both of type 1, or 
both 2, or unlike (one 1 and one 2). These three functions determine what 
may be called the pure (1 or 2) and mutual (1,2) force laws; they enter into 
the expresdon for a through the rtUioa of certain podtive definite integrals 
ofiHx), with suffix 1,2 or 12 according to the type of force law involved. The 
integrals o depend in general on the temperature T, but not on the molecular 
masses; they are related to the int^rals 0^{r) of MT, pp. 167, 162, for the 
same I and r, as follows: 

bin** MiMi(mi + m^^ Qi^, Ox ** (4*1) 

In [a]x five such ratios are involved, namely, 

_<mS( 2) „_66jS(2)-e4K(3) ^ 2fdS(2) 

“5i®(i)’ ^-.’ 


A 


(4-2) 
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which depend only on T and the mntnal force law, and 

«^(2) oiS(2) 

^y 




(4-8) 


each of which involyeB the matnal and one pare force law; and z^i occur 

in the following expresdona (MT, p. 203): 

Mi£ 2A M^E 2A 

” *„(1 -3f)*' OJi “ »„(1 + ilf)*- ^ 


We may also note here the general expressions for |/(]i and [Dull* these 
involye <aotQ directly, and not merely their ratios (MT, pp. 162,166,164); 


l>Ji-8^(2)* ” li;r;+n,)(mi+»n,) JfiJ<il3g(l)* 


Hence we may also express X], and in the form 

^ _ 

(l-if)t(l + if)(ni+n,)(Wi+»n,)[2)iJx’ 

(4*oi 

* ___ 

(1 + Jf )* (i - If) (n,+n,) («H+f»,) ifi 1 

For illustration, the values of A, B, G, x^ and x^ will be cited here for 
some specially simple force laws. 


5. Rigid elastic spherical molecules. We first consider the case of molecules 
which are smooth rigid elastic spheres, of diameters Sj, s^. Let 


*0 — i(*i+*i)- 


( 6 - 1 ) 


Then it is known (MT, p. 170) that 


^ = |, B = i, C = i, 6{C-1) 

and that 

r T 6 /kmyT\* - 3 / 

M'-lSll—)’ + 

where « Sg. 

Moreover, writing (in general) 


=■ 1> 

i fc(mi+w4) r y 

27mimf ) ’ 


( 0 . 2 ) 

(6-3) 


(0.4) 


in the present oase/i = l-Olfi, and /u is a footer which difiers from unity 
by only a few per cent (it depends on mjm^, sjst, c, and T). 

By (4-6), (0*3), it follows that in the present case 

x„ « sj/sf, Xn = »8/«5. (0-0) 
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6. TKt moUoular 'dkmetera'. If any gM existed whose moleotaleB were 
rigid elastio spheraB, their diameters and oonld be obttdned from 
experimental measmes of /t^ and ^ at any temperatore, by means of (b*8). 
Similarly could be determined from experimental measures of D^. 
The values obtained would of course be independent of the temperature at 
which the measures of /t and Z> were made, and it would be found that 


•u * *0- 

In actual gases the molecules are not rigid elastic Q>hereB; the factors 
/i, /, and /u in (6'4) must in general be functions of T\ they will also, in 
general, be even more nearly equal to unity than in the case of rigid spherical 
molecules. If the values of these factors are either estimated, or treated as 
unity (which usually involves only a slight error), it is possible, from experi¬ 
mental measures of /ti, and to infer the corresponding values of 
OJi, 0^1 and [Dull, and from them, by means of (S‘S), to determine 
quantities s^, s, and Su which may be called the viscosity diameters and 
diffusion diameter respeotivdy, or, more briefly, the ‘diameters*. These 
‘diameters’ represent certain mean values of the minimum distances 
between the centres of xiairs of like or unlike molecules at collisions; hence, 
in general they depend on T (decreasing as Tinoreases). Moreover, in general. 

By means of equations (1), (2), (3), (5) of §4, and (6-3), it follows that, 
in general. 




2 sV 




2 al 


(61) 


these two equations reduce to (6*6) when the molecules are rigid elastic 
spheres. 

lAter we shall find it convenient to write 


s » (^i~*i)/(*i+St) “ (8*2) 

so that Sj/Sfl ** 1-i-s, 6j8„ = 1 - s. (6*3) 

We also write x » 6Ae\J2^, (6-4) 

so that * 1 , « ar/(l+s)*, ar„ = */(!-s)*. (6*6) 


In the case of rigid spherical molecules, by (6*6),« « 1. 

7. The inverse-power force law. Another specially simple force law, called 
the inverse-power force law, is defined by 

^(r) - ^cr-^ 


(7-1) 
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withraffiz Ik 2 (nr 12 added to Zand v;jc is called the force oonstant and V 
Hue force kidez. If tiie pure and mutual force laws are edl of this type, we 
have three force constants and three force indices. Rigid elastic spherical 
molecules may be considered as a special case of this force law, corresponding 
to « M k^, as because then ^(r) « («/r)', which is zero if r>«, and 
00 if f <s, so that the molecules interact only when r « 

In this case, as in §5, .4, R, C, which are as follows (MT, p. 172), 


3vm-S At(vu) (8»n--S)(v„+l) 

5{Vu-l)^,(^„)* " S{»'„-1)* ’ 


(7-2) 


0 - , 5(C-1) - j, 


(7-3) 

-/ 

are independent of T. 

The visoosiiy diameters are given in terms of the force constant and 
index, and of T, by 


'la?; - 

witii the suffix 1 or 2 added to s, r and k. The dififosion diameter is given by 

(7-5) 


4 , - 


Hmice in this case x^, oc T'", x,i oc T'*', 


(7-6) 


where Tj, 






(7-7) 


Thus unless the force indices Vi, v, and are all equal, and x^ vary with 

T; their variation is in opposite senses if Vj, is intermediate between 
and Vi- 

In the special case when xi i', = i'say), Xn and x^ are independent 

of T, and are given by 

(7-8) 

8 . The numbers A{v). The factors Ai{v), Af{v) involved in A and «in § 7 
are pure numbers, functions of v only; in the theory of non-uniform gases 
they occur in the form of definite integrals. The case v » 3 is specially 
simple, and involves only one numerical integration for each A, i.e. ^^(3) 
and .dt(3); in a former paper ( 1922 ) I have given values of .di(3) and Af{3) 
(or rather of 2nAi and /, » nA^), but on recalculating them recently 
I find that my values there given are in error by several per cent; I regret 
not having discovered this earlier, since it is only lately that these values 
have been used or quoted, as by Jones and Furry ( 1940 ) and Jones ( 1940 ). 
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My new valuee, which 1 have ohednd by making thxee aepaiate oaloulationa 
of them, unng three differmit sabdiTuionB of the range of integiation, are* 
ili( 8 ) » 0-796, J.( 8 ) - 1-056. (8-1) 

The case i'» 2 , which ig of importanoe for highly ionized gaees, is alao 
speoially simple (MT, p. 177). In other oases, the oalonlation of A{v) in- 
volyes a series of numeiioal integrations to determine an auxiliary fhnotion 
h, and afterwards another integration for each A(y), that is, Ai and A^; a 
oonvenient method of oaloulation, involving transformations of the in¬ 
tegrals from their original form, was given in my 1922 paper.f Values of i 
were given to five decimal plaoc» in my paper, for v • 6 ,7,9 ,11 and 16, 
and values of and /| were given to 4 decimal places; but as they were 
calculated by using Simpson’s rule applied to ten intervals only, they may 
not be oorreot to more than 3 or 4 significant figures. An examination of the 
successive differences for my tabulated values of k suggests that, except for 
p ** 5, they may contain alight errors (this does not apply to the values of k 
for » B 6 , and the resulting values of /i( 6 ) and !,{&) are probably correct at 
least to 0-1 %). Haas 6 and Cook ( 1929 ) recalculated the values for pm 9, 
and found 

Ai(9) - 0-3808, Aa(9) = 0-3303, (8-2) 

instead of my values 0-3820 and 0-3321. My values for v » 7,1 1 and 16 may 
be in error by similar small amounts, but (except for v » 3, as indicated 
above) they are probably amply accurate enough for all practical applica¬ 
tions of them. 

The values of A,()') and of A, B, and certain combinations of A or B, or 
both, for the above values of v, are as follows; 


A,(v) 

A 

B 

5-4B 

U 

MO 

J 


3 

lose 

0-531 

0-8 

1-8 

3-018 


1-30 


Tablb 1 
6 7 

0-486 0-357 

0-517 0-493 

0-75 0-711 

2 2-156 

3-033 3 026 

0-526 0-489 

1-45 1-61 


9 11 

0-330 0-319 

0-477 0-465 

0-687 0-672 

2- 25 2-312 

3- 017 3-008 

0-466 0-449 

1-71 1-79 


15 00 

0-809 i 

0-450 i 

0-658 I 

2-388 2-6 

2-997 2-950 

0-429 0-864 

1-90 2-27 


• R. C. Jones ( 1940 ) has recently pointed out that and .4g(»), for v as 3 only, 
ate equal to —BJ^v); these are oertain funotions of v that arise in oonnexion 

with the Lennard-Jones molecular model (of. UT, p. 186). 

t Some misprints in this paper may be noted; m (8-3), after }, insert the index 
- j; on p. 2, in l^l), for (l+oj)"* read -a{(l+a»)~*; on p. 8 , line 5, for flmte read 
infinite; for k read 2Jk on p. 4, last line, and on p. 6 (twice); on p. 6 for ^ read 8 ^; 
on p. 7, line 5, for 16 read 15, and in (Al) for (n— !)//(read 8 //(. 
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9. Experimental values of tAe *diametera\ In MT, p. 229, a list of values 
of Si is given for a number of simple gases, and on p. 2fi2, a list of values of 
Su and of i(Si+Sg) for a few gas mixtures; all refer to T » 0° C. On p. 249 
values of Vi, v, and Vj, are given for some gas mixtures; they are derived 
firom the temperature variation of p and i>u. Table 2, illustrating the 
discussion in §§ d-8, is derived from these data (some of which are perhaps 
not very reliable); the gases in each pair are numbered so that m^ > m,. 

We may note that in table 2 the values of Zu <U)d for two gas mixtures 
are both greater than unity, and for the other two, they lie on opposite sides 
of unity. 

The values of r are all small, showing that in these oases Zu and z,i do not 
vary greatly with T\ for example, the largest value of r in table 2, namely, 
(MSd, would correspond to an increase of z^, by 4| % for a change of T 
from 0® C to 100® C. It would be of interest to find gas pairs tor which r has 
mote extreme values. 


0 »-H| 

10»»i 8-62 

10»*, 2-73 

lO**,, 294 

Vj 7 6 

V, 11-3 

Vu 8-8 

A 0-478 

0-79 

Xn 1-38 

r,, 0-036 

T„ -0-074 

Af 0-88 

X 1-03 

« 0-14 


Table 2 

N,O.CO, CO.-H, 0,N, 

4-66 4-63 3-62 

4-63 2-73 3-76 

4-80 3-30 3-46 

6-2 6-6 7-6 

6-6 11-3 8-8 

4-6 9-3 7-9 

0-620 0-476 0-486 

1-11 0-60 1-11 

M2 1-73 102 

-0-181 0-166 0-012 

-0-084 - 0-084 - 0-036 

0-0002 0-91 0-067 

1-06 0-96 1-06 

0-003 0-26 - 0-02 


10. The general first approximation to a. The formula for given in 
MT, p. 263, is equivalent to the following formula for [a]i: 

[a]i.6(C-l)y. (10-1) 

Ci8i-e^8, 


where 


“ c!Qx+6iC,e,-j-cJQ,‘ 


( 10 - 2 ) 


(In MT, Cl and c, are denoted by n^o and n^, and n^, denote Cx/c„ Cj/Cj.) 

The factor 5{0 -1) occurs in aU the approximations to a, and therefore 
in a itself; it is independent of the concentration and the mass ratio, and 
depends only on the mutual force law and on T. When the mutual inter¬ 
action is according to the inverse-power law, this factor is independent of T, 
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andispontiveif Vu>5, n^tiveif Vi,<5, andceroif Vu * 5 (}7);lienoein 
the last case thermal diffusion does not ooour at all. For other mutual foroe 
laws 6{C- 1 ) may vanish at some partioular temperature, but the inverse 
fifth-power foroe law is the only one for which it is always sero. 

When the mutual interaction is according to the inverse-power law, the 
magnitude of 6 (C- 1 ) decreases firom the value 1 , when Vu ■ oo (that is, 
for rigid elastic spherical molecules), to 0 when ^ 6, and increases again, 
numerically, to -1 when ™ 8 , and further to - 8 when Vj, = 2 (corre¬ 
sponding to ionized molecules and electrons). For most ordinary molecules, 
in so far as their mutual interaction approximates to the inverse-power law, 
I'll lies between oo and about 4*6. 

The complexity of the properties of [ib}.]i or [a]^ depends mainly on the 
factor g; this is therefore the chief subject of the following discussion, which 
is illustrated by numerical examples referring to the inverse-power law of 
molecular interaction. 


11. Thi tTtd and intermediate values of g. The ‘ middle ’ and ‘ end ’ values 
of g, namely the value for an equal mixture (e^ Ci e 0), and the 
limiting values as the mixture tends to the pure gas 1 (c^ >■ 1 , » 0 ) or 

the pure gas 2 (c, « i, ^ a o), will be denoted by g,, g^ and g, respectively. 
The end values are given by 

9t--SJQr (IM) 


The intermediate values can be expressed in terms of these, by substituting 
in ( 10 ’ 2 ) the values of 8i and corresponding to (ll'l), as follows: 


^ CiQigi+c,Qtg, 
<^Qi+CiCtQit+clQi 


( 11 - 2 ) 


This expression for g is discussed in § 17. 


12. The factors S and Q. Since we are concerned only with ratios of the 
factors 8 and Q, the value of gr is unaltered if we multiply 8 and Q by any 
constant, the same for all: it is convenient to multiply the values given in 
MT (p. 208) by the factor (l-lf*)l/2.d; we thus obtain the following 
expressions: 

Sl-(l/2*„)(l-^if)l{l-*„fl^(if)}, , 

8,^ {ll2xn)[l-M)i{l-x^8{-M)},f 
8{M) - (1 - if)• (1 - Oif)/(l + M) 


G‘-3/2il-l>0; 


where 

and 


(12-2) 

(12.8) 
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also (12-4) 

Qi, - 44/*h*iiH-7i», (12‘6) 

where Ji, are fimotiona of M, A and B given by 

- fl-(H2J5)Jf+ {H-44)if*. (12-8) 
+ (12-7) 

- J(11 - 4-B) {- if*)* + (1 - (12-8) 

H~>^-B+2A, J = 8(6-4B)/il(l 1-45). (12-9) 


In table 1 the values of IJO, H, J and of 6 - 45 are given for various values 
of Vi,. 

18. The functions q^, q^, and 5. K5—45 > 0 , 9 ^, 9 , and 9 ^, are positive 
for all relevant values of M; this condition is probably fulfilled for all 
physically suitable molecular models, and certainly is satisfled for the 
inverse-power mutual force law (of. table 1 ). The function 9 , of Jf is the same 
as the function 9 ^ with the variable M replaced by - M. 

When M ^Qtq^m q^ai Ht which would seem to be nearly independent 
of the mutual force law; at least it is nearly equal to 3 for ^ values of V|, 
(table 1). When Jf « 1 (or Jtfx = 1 , If, » 0 ), q^ -> 5-45, 9 , -* 6 . Also 

^ - -(i4-25)-f-2(5-4A)Jf. ^ - (i-|-2fi) + 2(5-4A)if. 

so that dqJdM is always positive, and 9 , steadily increases from 5 to 6 as 
M increases from 0 to 1 . 

The sign of dqJdM is negative if if <(^ + 25)/2(5-4d); this upper 
limit exceeds 1 for I'u 3 (or 6 ), but for v„> 7 it is less than 1; in this case 
9 t decreases from 5 at if » 0 , to a minimum at M ^ (|-{-25)/2(5-4A), 
and then increases to 6 - 45 at if = 1; otherwise it decreases steadily from 
H to 6—45. The latter, its end value, depends considerably on being 
2*6 for PxM "* f'°^ *'u ^ 

When if «B 0, 9 i, - 25; when if » 1, 9 ^ ~ 0; atif n 0 , dqiJdM => 0 ; 

at if - I, dqiJdM =>- 00 ; also dq^dM » 0 at if =* if', where 

if'* - (2J-3)/3(d-l), 

provided that this value of if' lies between 0 and 1 , which is the case, for 
the inverse-power force law, if Vu> 6 ; in this case 9 u increases from if - 0 
to if', where it has a maximum value (11 - 45) J*/Z*(J - 1 )*, from which it 
decreases steadily to 0 atif-l;if<f< 1 ' 6 , q^ decreases steadily from its 
initial value 25 to 0 at if -■ 1. 



48 


8. Chapman 

The fanotions 8{M) and S{ - M), for 0 < if < 1, can be disoiueed by oon- 
sidering 8{M) for -1 < if < 1. The factor i - GM steadily deonasea from 
l + Gto I-G, Ob M moreaaes from — 1 to 1, tmd it ohangea sign from 
positive to negative values at if » l/G. The remaining factor in 8 steadily 
decreases from ooatifa — 1 toOatif-1. Hence from if « -1 to 
M « l/C, /S steadily decreases from CO to 0, and it is native from if » 1/(7 
to if 1 - 1; it has a negative minimiim within this range, and increases to 0 
at if s 1, where d8ldM « 0. This is illustrated by the following table, for 
v„-oo,(7-J^. 

Valttbs or 8 ( M ) and 8 ( — M ) tor » qo, G » V 

M =0 OS 0-4 0-6 0-8 10 

8(M) = 1 0-269 - 0-088 - 0-108 - 0-060 0 

fif(-Af) = 1 2-M S-70 18-4 88-7 oo 

14. The, paramtUtt of g. From (10-2) and § 12 it is clear that g involves 
six parameters (in general independent), namely, e, M, the numbers A and 
B depending on the mutual force law, and the ratios and depending 
on the pure and mutual force laws. When the mutual force law is of the 
inverse-power type, the parameters are reduced to five, because A and B 
are known functions of the single parameter 

The end-values of g depend only on four parameters (or 3 when the mutual 
force law is of the inverse-power type), namely A, B, M and either or 
X,, (not both). We therefore first consider the characteristics of gi and P|. 

16. The end values, g^ and g,. By (11-1) and § 12, 

(lei) 

In these expressions the first factor involves M (and A and B) only, the 
second involves M and x^ or x^. 

It is convenient to represent the dependence of gi and g^ on M and x^, 
or X|i by means of a contour system of lines of constant g^ or on a dugram 
whose abscissae are M and whose ordinates are x^ or x,i; since — gi is the 
same function of -M and x^ as is of if and x^, this can conveniently be 
done on a single diagram, as in figure 1, in which the right half (figure 1 a) 
refers to g^, and the left half (figure 16) to g,; the abscissae if ore measured 
outwards from the centre of the lower boundary, to right and to left. In the 
right half the ordinates represent x^,, in the left, x^. The contour linwi for 
gi and gf are continuous across the centre line which separatee the gi and g^ 
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regkHUi, bnt Uie sign of the contour value is reversed on crossing this line. 
Any point on the right half of figure 1 may be called a point, and any 
point on the left, a point. For convenience the scale of ordinates from 1 



upwards is contracted, the distance from ^e M axis to the scale point with 
ordinate x being 2—1/a;. 

The graph of l/S{M) on the right, and 1/S{ - M) on the left, is drawn as 
a full line, marked 0; its parts to the right and left of the centre line are 
the zero contours of g^ and g^, because along them Xig8(M) and XnS{ - M) 
are unity. 


A,Vol. 177. A. 
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Let PiOtP^ denote any or g^ point on figure 1 , and let or P, denote 
the point at which the ordinate NP-i or NP^, extended upwards or down* 
wards if neoeesaiy, meets the gtaidi of IIS(M) or l// 8 ( -Jf>—including, in 
the gi diagram, the negative part (not shown) of the l//S(Jtf) graph. Then the 
second fMrtor in the expression for g^ is equal to l—NPJNP'x or 

PiP’JNP^, reckoning distances positive if upward; similarly the second 
factor in gg is represented by NPtJNP^—l or P^PJNP,. Since in each 
case the first factor in (16*1) is positive, is positive at points below and to 
the right of the 1 /S(M) graph, and negative above and to the left; and g^ is 
positive above and to the left of the 1/S{ — M) graph, and negative below 
and to the right. The contour lines in the regions of negative gi or g^ are 
drawn dotted, the others (except p a 0 and one other gi line) are drawn as 
broken lines. 

The first factor of gi is (1 +M)l2qi; for all values of >'xg (> 3) it increases 
steadily with If, from 1/2^ at Jf = Oto 1/(6—4P)atilf » 1, at which point 
its gradient is still positive. Along the right-hand lower boundary (Xu a O) 
of figure 1 a, this factor equals gi, since the second factor is 1. For any other 
value of the second factor has a positive gradient (» —Xi^dS/dM) with 
respect to Af, up to the value of if for which S has its minimum (§ 13); at 
this point 1 — has a maximum, and from this point it decreases to 1 at 
if a 1 , where its gradient with respect to if is zero. Hence the variation of 
gi with if, for any sufficiently large value of must consist of a rise to a 
maximum, governed mainly by the second factor, and then a decline to a 
minimum and a subsequent increase to if a l (because at if a l the 
gradient with respect to if depends only on ihe first factor, and is positive). 
For sufficiently small values of has neither the maximum nor the 
minimum, but steadily increases with if. 

The contour system, as drawn with a contracted x^ scale in figure 1 a, 
has two singular points on its upper boundary x^^ a oo, namely at if a ifO 
and at if a 1 . The line if a i/O is a (Ti contour line, because iS(l/(?) a 0 
(for Vu a 00 the value of gi when if a i/Q is 0*272); this line meets the zero 
contour of gi, namely the graph of ljS{M), at if a i/Gf, Zu a oo, which is 
therefore a singular point; g^ takes all limiting values from — oo to oo as this 
point is approached fix)m different directions; the line Zn a oo u the contour 
j/j a —00 from if a 0 to if a 1 /G, and the contour fifi — oo firom if a l/G 
to if a 1 . The line if a i in figure la is part of the contour g^ a 1 ( 6 —4H) 
( a 0*384 if I'll a oo), since along this line /8(if ) a 0 and 

(l + if)/2giai/(6-4H); 

gi also takes the value 1/(6-4H) along a line joining the two points if a I/O 
and if a 1 on the line z„ a oo (this special contour is drawn as a full line). 
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Hence if • 1, > oo ie also a dognlar point. Aa this point is approached 

from the left, and from above the two-branched contour {g^ « 1 /( 6 -4H)), 

tends to values which range from 1 /( 6 -4J3) to oo. If, however, the Xu 
scale for Xu> 1 were not contracted, the contours which in figure la are 
shown as meeting at the two smgular points would be shown as asymptotic¬ 
ally approaching the rectilinear contours M » IjG and if - 1 . 

The second factor in g, steadily increases from x ^,-1 at if «> 0 to oo at 
if « 1; when x^ « 0 it is — 1. The first factor decreases steadily from 1 / 2 H 
at if B 0 to zero at if » 1. At if » 1 the product of the two factors is 
2*x,i/4A, which increases steadily with x,i from 0 to oo. For Xn< 1, g, 
changes sign firom negative to positive as M increases from 0 to 1; for x„ > 1, 
it is always positive. 

For any given mixture the values of if, x^i and x^ determine a point on 
each of the two contour diagrams for g^ and drawn for the values of A 
and B appropriate to the mutual force law for the mixture. There may be 
some limitation, inherent in the constitution of actual gases, on the regions 
within which the and g, points on figures 1 a, 6 can lie; for example, if the 
molecules are rigid elastic spheres, the relation » }(«!+«•) implies that 
W^it "■ 2, so that when x^ is given, x^ is also known. Apart from 

any such relation, the only restriction on the g^ and (r* points is that they 
have the same absciasa if; hence it appears from figures la, 6 that if 
if < !/<?, flTi and y, may each be either positive, n^ative or zero; for if > 1/(7, 
gi is positive, and g^ may be positive, negative or zero. Hence, whatever the 
value of if, gi and g, may have the same or opposite signs; if if < I/O, 
either or both may be zero; if if > 1/(7, gr, alone can be zero. 

The points at which both gi and g^ are zero form a linear sequence in a 
three-dimensional space in which the co-ordinates are if, x„ and x^; for 
each value of M from 0 to I/O there is one point at which gi^g^ = 0 , viz. 
the point whose x^ and x^ co-ordinates are given by the l/S graphs in 
figures la, 6 . 

When the positions of the gi and gr, points are restricted by some relation 
such as that for rigid elastic spherical molecules, these possibilities are 
diminished; for example, for such molecules only for one particular value of 
M (which lies between 0 and I/O) is it possible for both gf^ and gr, to be zero. 

16. Zero values ofg. If both gfj and y, are zero, then by ( 11 * 2 ) g is zero for 
all values of 0; thus [a]i can vanish for all values of c, not only through the 
vanishing of the factor C - 1 in ( 10 * 1 ), but also through the vanishing of g. 
But the vanishing of g for a given gas mixture will in general occur, if at all, 
only at a particular temperature, whereas C —1 vanishes whatever the 
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tempemtniw.ifthemutiialforoelawutheinTerBefiflih’po'Wttrlaw. Moreover, 
C -1 is a factor of a itself, and not merely of [a]i; if 9 vanidies for all values 
of c, a is likely to be very small, but it vdll not vanish exactly. 

If gx and g^ have opposite signs, g must vanish for some intermediate 
value of e; andaitsdf, and kj., will in general vanish for this or some adjacent 
concentration-ratio. This may occur for g^ negative and g, positive (case (i)) 
or vice versa (case (ii)). Case (i) can occur only i£M< IjO and«u > 1, and the 
greater the value of M within this range, the larger must a;it be for (fx to be 
negative; g^ will be positive provided that x,x small, i.e. it must 

correspond to x>ointe above the zero contour in figure 1 b. Case (ii) can occur 
for any value of M, and imposes no restriction on Xn if Jf > IjO, though for’ 
M < 1(0, Xxi must not be too large, as it most be below the zero contour in 
figure 1 a; must be less than or equal to a limit (< 1) which decreases the 
larger the vaJue of M. 

The value of c at which g or [a]x is zero may lie anywhere between — 1 
and 1; for example either of the end values, g^ or g,, may be zero, amd the 
other not zero; if gr « 0 for an intermediate value of e, the signs of gx and g^ 
must be opposite, because g cannot vanish for more than one value of e: 
this appears from (10*2), in which the denominator is positive, so that gr » 0 
only for the one value of c given by Cx/c, — 8^8x. 

Hence the graph of kj. as a function of c may take any of the forms 
shown in figure 2. 

17. The mri(rti<m of [a]i or g vjith ^ amcentration ratio, yfhea A aad B 
are known, gx and g^ are each functions of two variables only, whereas g is 
a function of four variables, Jf, rj,, and c. It is not possible to give a 
simple graphical representation, such as was used for Px ^nd g^, of the 
dependence of g on its independent variables, as this would require a 
4'dimensionai space. The discussion of g will therefore centre mainly on the 
mode of variation of g between its end values gx and g^, which are deter¬ 
mined, as has been seen in § 16, by M, ^xs and x^', variation will be 
supposed represented by a graph of 9 as a function of e from c » -1 (Cx n 0, 
C| = 1) to c 1 (Cx « 1, c, =« 0). 

17a. The simplest variation of g with c corresponds to a rectilinear graph 
of p, or to j =1 g^, where 

(171) 

It is easy to show that the general equation (11*2) is equivalent to 

g =- l/e+CxC,y7(c}gx+CxCiCu+<4C»). (17-2) 

where ^ - (grx-gr,) (Qx- e,)+g«(Qi-- Qx%+ Ct)* (17*3) 
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Henoe (17*1) oorreqtonda to ^ « 0. The first term in ^ is independent of 
e, the seocmd is proportional to henoe for g to equal g, for all values of e. 
it is neoesMuy that Qi-Qn+Qt » 0 and either gi-g ^« 0 or Qi-Q ,» 0. 
The two latter equations are linear in and and may be regarded as 
defining ruled surfaces S or /S' in a space whose coordinates are M, Xj, and 
Xu, the sections by planes M ~ constant being straight lines, as shown in 
figure 3 for If a 0, J, 1. The equation Q^- Qu+ = 0 is the equation of 


Fiocbk 2. Differmt forms of the graph of kj as 
a fhnotion of the oonoantration ratio. 

a surface 8" whose sections by the planes M >= constant are rectangular 
hyperbolae with their asymptotes parallel to the and x,i axes, as shown 
in figure 3 for If - 0, 1. The sections of 8 and 8" by the plane if « 0 have 

only one common point (Xj, « x^ = 1, at which, however, gri — = g = 0); 

those by if = ^ do not intersect (at least when » oo); those by if 1 
coincide, in the line Xu ™ 4i/(6-4JB)^2,forwhiohgi = y = l/(6-4J5). 

In each plane if » constant the surface 8" cuts the surface 8' in one 
point only. Henoe the values of if, x„ and Xu corresponding to g' ^ 0, 
g ge, but for which gii^g,, form a linear sequence in the if, x^, Xu 
space; as if-»-l, 44/(6-45).^2, Xj,^oo, and Pi-?,->0 along this 

sequence. 
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176. A leM speoial oaM ii that In which aaiy Qi-Qu+Qt “ o"*®" 

gponcUng to the doub^ infinite set of if , xu, points on the surfiwe S’, 


In this case 
since, by (2-2), 


„ ciQiOi+etQ*gt, 

^ CiQi+ctQt ’ 


(17-4) 


= CiQi+CgQt’^exCtiQi—Qu+Qn)’ (17*6) 



In this case g always lies between and g^, because (17-4) implies that g 
is the value of g^ at tl^t point on the straight line g » which ^videe this 
line in the ratio e, Q,: Q^] since Qi and Q, are positive, this point is inter¬ 
mediate between the two ends. 

In the present case, g' - ^(gi-gt)iQi-Qt)> may be positive or 
negative, implying that the graph of g may be either concave or convex as 
viewed from below. The parte of the surfiiMje S’ which correspond to the two 
alternatives can be inferred from figure 3; for in figure 3, for any value 
of M, gi>gtvx the a^,, Xn region above the line g^ » g, for that value of M, 
> Q, in the x^, Xn region above the line Qi = Q,. Hence these two lines 
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divide the Xi%, plane, for tiiat value of if, into four r^one; > 0 in the 
upper and lower onee, and (7' < 0 in the right and left-hand regions (if 1 
is a qieoial oaae; the x^, plane is divided into two regions only; g' > 0 in 
the upper, and g' < 0 in the lower r^on). The 8" seotibn by the plane 
M X constant may fall wholly in one region, as in the special case if 1, 
for which (when Qi—Qu-hQt 0) 9'<0 for all values of Xi„ and the g 
curve is convex as viewed from below (of. § 18); but it may fall partly in the 
region of g' > 0, and partly in the r^on g'<0, as for example in the case 
if - 0, for which g'>0ifx„>l,andy'<0ifx„<I. 


17 c. In the two special oases thus far considered, g' is either zero, or of 
one sign only, for all values of c; it is possible, however, for g' to become swro 
and change sign for some value of e. This can occur for at most one value of c, 
because, by (17*2) and (17*3), gf' is a linear function of c, namely 

g' = (fl'i-?.)(4?i-«,)+i((/i-n)r,)(gi-G„+e,)+ie((7i-?i)(Ci-ei,+G*). 

(17-6) 

Hence, unless either gj = jr, or Qi-Q^ + Qt =» 0 (or both), the graph ofg' 
must out the e axis; it does so at the value of c given by 


gi-ga Qi-Qu+Q,' 


(17-7) 


This value is relevant to our discussion only if it lies between ± 1. The cir¬ 
cumstances in which this condition is satisfied will not be discussed here; it 
will suffice to show that such solutions exist, by considering a simple special 
case. If if » 0, the solution of (17-7) is c = 0 for points lying on the line 
Xu - x„, because along this line both gi+gi=>0 and Qi-Q, = 0 (the point 
Xu » Xu-si, at which also and {r > ~ most be 

excepted). 


17d. When the graph of g crosses the straight line g - g^, which it meets 
also at c OS ± 1, it must have a point of inflexion within this range. It may 
also have two stationary values, one a maximum and one a minimum; it 
cannot have more than two, because the condition dg/de ■■ 0 gives a quad¬ 
ratic equation in c; either or both of the roots of this equation may be outside 
the relevant range of c, — 1 to 1. These possibilities will not be discussed 
here in detail, but it may be noted that if - Qu +Qf‘*0, both the roots 
are at infinity (± 00). The equation dg/de = 0 is that of a surface in the four 
dimensional space of the variables if, Xu, x,i and c, which has a section by 
each plane c - constant, this section being a three-dimensional surface in 
the space of Jf, Xu, These sectional surfaces certainly have some real 
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portions in tibe range 0<Jtf<l, a;u>0, »|i>0; this is evident from oon- 
(ddeiration of the oases when -t g^, for exoept when {r' » 0, Uw graph of g 
must then neoessarily have eiiiier a maximum or a m i nim u m , and if the 
graph crosses the line •• in this case) it will have both a 

maximum and a wiinintTiTn - This simple example also illustrates the foot 
that the nmge of g may exceed g^ (in this case ■= 0, but the state¬ 
ment also has a range of validity when gx~gt^ 0). 

18. Formulae for g when If » 1. We proceed to consider some formulae 
for g, or some numerical illusfrations of g, in a few interesting special oases. 

When lf-> 1 (or mJin^-*-co) 

1 

and the ‘middle’ value of gr, for e » Oorcj » e, » is given by 
1 

These formulae are readily established if, as if 1 or if^-^O, and Xh 
remain finite; with slightly more difiSoulty they may be proved even if 
or (or both) tends to zero or oo as Mg-*-0. 

Hence in the present special case 1/p is a positive linear fimotion of e, 
and Po is the harmonic mean of Pi and p^; hence also the graph of p as a 
function of c is convex as viewed firom below (that is, p' is negative). 

19. laotopie molecules of nearly equal mass. When the pure and mutual 
force laws are identical, the two gas constituents will be called isotopic, 
whether or not they are of the same chemical constitution or of nearly the 
same mass. This condition is probably satisfied within narrow limits when 
the molecides are isotopic in the ordinary sense, being chemically identical 
but differing in that one or more atoms in them appear in different isotopic 
forms. Some gas mixtures of different chemical composition (e.g. CO| and 
N,0, and CO and N,; of. MT, p. 249) also appear to be approximately 
isotopic, or at least their pure force laws are nearly identical. The value of 
M in isotopic mixtures is usually small, though not always (e.g. H, and D,). 

In isotopic mixtures there is no distinction between &>i, o, and (i>i„ for 
the same values of {and r, so that, by (4-3), 

*11=1, afii-l. 


(19-1) 
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In tins oMe, if alao M is small, the formula for g may be put in the approxi¬ 
mate form (ooiieot as far as the seoond power if 9 is expanded in powmrs 
oSM) 


g’-Qnii-yiic), 

(19-2) 

where g, is the middle value of g (for e ^ 0 ), and 


_ 3(1-1-1/A)., 

fl's - 4H - 

(19-3) 

3(1-iA) 14-45 
' 2(14-A) 2H ‘ 

(19-4) 


Table 3 gives the values of gJM and y for several values of when the 
mutual force law is of the inverse-power type. The last value of gJM, for 
Vu ■■ 00 , corresponds to rigid elastic spheres, and is equal to 105/118. 


TaBLB 3. ISOTOPIO MOIiKOULBS OX KBABLY BQUAIi HASS 

I'sS « 7 9 11 16 00 

g^lM =3 0>718 0-726 0-760 0-768 0 786 0-806 0 800 

y B 0-026 0-074 0 120 0-162 0-171 0-109 0-281 

A formula equivalent to (19- 3) has been given by Jones and Furry ( 1940 ), 
together with a series of values of (118/105) (which is equal to 1 when 

Vit 00 ); allowing for the additionid factor 118/106, their values correspond 
to those of g^M in table 3, except for the correction to my earlier values of 
ili(3) and ^,(3) (§ 8 ). 

The approximate formula for gJM given by (19-3-4) is of particular 
interest in that it enables 9 , a or ibj. to be estimated for any isotopic mixture 
of small mass difference M, when v is known from the temperature variation 
of the viscosity of the gas; hence the following empirical approximate formula 
for gJM, appropriate for values of v intermediate between those of table 3, 
may prove convenient; 

gJM = 0-890- l-6/v+4/i;»-3-15/»»». (19-6) 

The variation of g with the concentration-ratio, when Jf is small, is 
proportional to M and to c; since y is positive, g is greatest (^,) when the 
lighter molecules predominate: y increases largely with v, the value for 
vmmco being more than 11 times as great as for v =« 3. When v = 00 and 
M the whole change in g, from c = - 1 , to c = 1 , is 6-0 % of jr,. 

20. The Uotopic ease when M is not stnaU. When m^/m, is neither nearly 
1 nor very large, so that if is neither 0 nor 1 , g must be calculated from the 
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general formula, cubjeot to i- 1. Tables 4, 6 and 6 illosteate the 

dependence of on v and M for isotopic mixtures. 

These tables show tibiat when M is small g does not vary much with e 
(as is evident from (19*2)), nor with v; as Jf rises towards 1, tiie variation 
with p becomes greater, in opposite senses for gi and p,. Up to about Jf | 

TaBUI 4. VaLTTSS of lOO^i ISOTOnO IfOIJK3Tn.XS 
«-0) 

8 8 7 ft 11 18 00 

3f=iO-l 7 7 7 8 8 8 9 

0*8 14 14 14 IS 18 18 16 

0-3 21 21 21 21 22 22 23 

0-4 28 27 27 27 28 28 2ft 

0-8 34 38 32 82 32 32 34 

0-6 30 38 37 36 36 36 37 

0-7 44 42 40 40 39 3ft 38 

0-8 48 48 43 42 41 40 3ft 

Oft 82 48 48 48 42 41 39 

1 0 86 80 46 44 43 42 38 

TABUB 6 . VaLITBS of lOOpo FOB I8OT0FI0 MOUDOULXS 
(*ll “ =“ I * - 1, A « 0) 

3 8 7 ft 11 18 00 

Af = 0*l 7 7 8 8 8 8 ft 

0-2 14 14 18 18 18 16 17 

0-3 21 21 22 22 28 23 28 

0-4 28 28 28 28 29 30 32 

0-8 34 34 88 38 38 86 38 

0-6 40 40 40 40 41 41 48 

0-7 46 48 48 48 48 46 47 

0-8 81 80 49 49 49 49 80 

0>9 86 84 88 88 82 82 82 

10 61 68 86 86 88 88 84 

TaBIiB 6. Valubs of 100^, fob ISOTOFIO MOLBOULBS 

(»« - *M - » “ 1. A - 0) 

Vi,= 3 8 7 ft 11 18 00 

-V = 0 1 7 7 8 8 8 8 9 

0-2 14 18 18 16 16 16 18 

0-3 21 22 23 24 24 28 28 

0-4 27 28 29 30 31 32 36 

0-8 38 36 38 39 40 41 47 

0-6 42 43 48 47 48 80 86 

0-7 48 SO 52 64 58 57 64 

0 8 54 56 89 61 62 64 73 

0-9 61 62 68 68 69 72 81 

1 0 67 68 72 74 76 79 88 
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the Tftltie of gJMt for any e or p, is nearly oongtant, though it deoreaaee 
slowly as M inoieaaea; at the same time the variation of g with e increases, 
in Budi a way that < ffo < 9f Moreover, < 4(friso that the graph 
of g with respect to e is convex towMds the c axis. 

21. MoleouUa of exactly equal maaa: if =< 0. In considering the special 
case ofmoleonlesofexactly equal mass, we shall suppose the gases numbered 
1 and 2 so that «!>«• or cue 


a a. ^ a * ***■ ^ a ___ 

2H ' 2H ' iy(*„+*„) + 4.4 + 2(fi-24)*„a:,i- 

(2M) 

Hence if and lie on opposite sides of unity, and p, have the same sign; 

if they lie on the same side, g^ and g^ have opposite signs. 

In table 2, the only gas pair for which M is nearly zero is X,0 — CX)|, for 
which Xu and x^ are nearly equal, and both are greater than 1; hence this 
mixture should illustrate the reversal of the sign of {r as c varies, though kj, 
will be very small for all values of c. For this gas, taking 

the m aximu m value of kj, will correspond to some value of c between 0 and 
- 1 ; for e a — the value of 9 is approximately O-Ol, that of a is approxi¬ 
mately — 0*001, and that of kj, is roughly — 0*0003; for c a> ^ it is approxi¬ 
mately + 0*0003. 

Another gas-mixture which might show the same reversal of sign of kx 
is He - D„ for which, since is 11 or more, the factor 6((7 -1) will be 0*6 
or more; if x^ and for this pair are of order 1*1, the maximum value of 
kx will be about 0 001. 

21a. The doubly apecial case if ^ 0, x » 1. Probably when if » 0 the 
value of X (§6) for most gas pairs will be nearly 1, unless the numbers of 
atoms in the molecules of the two constituents ate very unequal. We there¬ 


fore consider the special cose x = 1 (fJways true if the molecules are rigid 
elastic spheres). We then have 


j?(l + ^) 

^ “ H{(1 + sc)* + i>(l -c*)} - 2Aa*( 1 - is*) (1 - c*) 


( 21 * 2 ) 


and 


ffi 


-(1+M 

H(l+s)»’ 




H(l-s)*’ H(l + is*)-2As»(l-is*)’ 


(21*3) 


Thus g is proportional to s, the proportionate diameter-difference of the 
molecules, and is positive for all values of c if s > 0. 
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When «ia amall, (21*2) rednoes approximately to 

9 -*Cro(l-|«e), fir«- 0 /ir (if - O, x - l, ««maU). (21-4) 

Sinoe H is approximately 3 for all values of from 3 to oo, it follows that 
in this triply special case pg/s is nearly independent of and is approxi¬ 
mately equal to Moreover, gja varies with the concentration ratio by a 
fraction -|se, being greatest when the molecules of smaller diameter 
predominate (c » -1). As c varies from -1 to 1, the percentage variation 
of gja is SOOs, or 16 % if s » 1/20. 

When the diameters are very unequal, so that is large and « » 1, 
(21’2,3) take the limiting forms 

__ 


so that gi and pg tend to different (finite) limits, and g^-*-<X3. 

When a has values intermediate between 0 and 1 (and when Jf « 0, x » 1) 
the variation of g may be illustrated as in table 7, for the case a 9; for 
other values of the results are not very different. 


Tabus 7. Jf = 0, x - 1, Vj, « 9. Week s » 0, gja - O-SSl 


9i 

9t 


i i i I 


0060 

0082 

0120 


0-092 

0-167 

0-497 


0-111 

0-216 

2-48 


0-124 

0-247 

00 


Hence gja decreases as a increases, from 0-331 for « « 0, to 0*328, 0*314, 
0*287 and 0*247 for s « }, 1. We may note also that yo< so 

that the graph of g as a function of c is convex as viewed from below. The 
variation of g with e steadily increases with a. 

21 b. The doubly apeeiai eaae if » 0, s » 0. When the viscosity diameters 
of the pore constituents are equal, so that s » 0, and when also if a 0, 
g is a function of x only, given by 

(1—x)e 

^ “ H{x+1 (1 -x)c»}-2ri(x- 1/x) (1 -c*)' 

^ = -9t. 9o - 0* (21-8) 

In this case g is an odd function of c, proportional to x-1, which depends 
on Pu and on the departure of the diffusion diameter Sjg from tbe mean 
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vitoodty diameter ««. If x-1 u small, g depends only slight on A, as 
oompaxed with H, and is therefore nearly independent of i'll. 

When 1 —X is small, (21*7) is approximately equivalent to 

22. Mixtvrea of molecules that differ sligJUly in mass and interaction. 
When M, s and x — 1 are all small, the corresponding contributions to g are 
approximately independent and additive, so that 

Neglecting the terms in M*, s* and (1 -x)*, this reduces to 
3(1 -HM) s (l-x)c . 

, 22 . 2 , 


here the first two terms are independent of e, and the third, which is pro* 
portional to e, has its greatest value when c => 11. The maximum numerical 
magnitudes of the three terms are in the ratio 



1(1 + l/A) varies from 4*32 when ('ll > 3 to 4*05 when « 9 to flj when 
j s 00 , so that the ratios are approximately 5:2:1. Thus a (small) differ¬ 
ence of mass is more effective than a small difference of diameter, in pro¬ 
moting thermal diffusion, roughly in the ratio 6:2; a departure of x, which 
depends on the mutual diameter from the value 1 cbaraoteristio for 
rigid elastic spheres, is still less effective. 

If X = 1 and Jf and s are of opposite signs, the contributions to pg due to 
the mass-difference and the diameter-difference may cancel one another, 
namely, if they bear to one another the inverse ratio 2: }(1 -H/.d). If If/s 
has a slightly different value, g will be small, though not zero. When M and 
s are not small (and also x not neuly equal to 1) there is still a range of 
values of M and x, s (or M and x^, andx^) for which and p, (and therefore 
all values of p) are zero, as shown in § 16. 

23. It is hoped in a later paper to discuss the available experimental 
data for kj., and to make suggestions for further experiments on thermal 
difllusion, in the light of the preceding discussion. 
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Catalytic activity, crystal structure and adsorptive 
properties of evaporated metal films 

Bt Otto Bbbok, A. E. Smith and Ahlbobn Webbleb 

Shdl Devdopment Company, EmeryviUe, Caiifomia 

(Communicated by J. W. McBain, F.R.S.—Received 4 April 1940) 
[Platea 1-3] 

Metal fllma of high and reproducible oatalytlo activity were obtained by 
condensation of their vapours on glaaa at any deaired temperature. The cata¬ 
lytic activity was measured by the hydrogenation of ethylene. The crystal 
structure of these films was investigated by electron dii&aotion. By oon- 
trolling the preesure of an inert gas (nitrogen, argon, etc.) during evapora¬ 
tion of the metals, \moriented and oriented films could be produced at will, 
and their catalytic activities were compared. 

Completely oriented nickel films were obtained with an inert gas pressure 
of 1 mm., the (110) plane, the least dKise of the planes, lying parallel to the 
backing and the two remaining axes showing random distribution. Iron 
films were oriented with their (111) plane parallel to the booking, again the 
least dense plane thus oriented. 

Low-i»essure adsorption of hydrogen at room temperature and of carbon 
monoxide at liquid-air temperature revealed that the oriented gas-evaporated 
nickel films have twice the available surface per gram of randomly oriented 
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U^'VMUun Shu but timM the Mtivity. The oriented filna hAV8 th«e> 

£m flvefbld the activity of unorioQted filme. Orieated flfana of aa available 
■uifhoe equal to uno ri en t ed but of fivefold activity could alao be obtained in 
bi^ vacuum by eyapocation on to oriented films pcevioualy produced by 
cviqxnation in an inert gas. 

The activity per unit weight of ti\e films was conatantt indicating ready 
accessibility to the intvior of the film by the reacting gases. 

Adsorption of hydrogen was found to be immeasurably fast in all cases. 

Adsorption isotherms on nickel fllma were obtained for ethylene, carbon 
monoxide, niriogen, hydrogen and oxygen; and the effect of catalyst 
poisoning by carbon monoxide and oxygen, as well as the effect of sintoruig, 
was studied. Loss of activity, decrease of hydrogen adsorption, and 
amount of poison were found to be proportional. 

The most extensive studies were made on mckel films, but fllma of iron, 
cobalt, palladiu m , platinum and copper were also mvestigated, and with 
the exception of copper similar results were obtained. The enhanced activity 
of oriented film s appears to be associated with the larger distances in the 
(110) plane of nickel or the (111) plane of non. 

T^ bearing of the results on the deflmtion of active centres and on the 
general problnn of adsorption is discussed. 


A. iNTBODUCmON 

The principal purpose of this investigation is to correlate catalytic 
activity and physical struotuie of catalysts. In order to achieve this 
objective it seemed doeirable that the catalyst chosen for the study should 
be an element preferably not obtained &om the oxide by reduction with 
hydrogen, that the catalyst should be obtained in the form of a flat film 
which would lend itself easily to investigation of its structure by electron 
difiraction, and that the catalysed reaction should have simple kinetics 
so that rates of reactions could be easily compared. 

In addition to these requirements it seemed important to secure absolute 
reproducibility of results; this has been lacking in many catalytic investiga¬ 
tions in the past. 

After numerous orienting experiments with various catalytic materials 
in different forms of apparatus, suitable catalyst materials were found in 
the form of evaporated metal films of those elements which catal 3 r 8 e the 
hydrogenation of ethylene, a reaction found particularly suitable for the 
purpose. Metal films, both sputtered and evaporated, have been studied 
in the past from the standpoint of catalytic activity as well as from the 
standpoint of crystal structure,* although only a few attempts have been 

* See, for instanoe, Ableeovs and Boguuky (1935), where numeroos references to 
earlier woric on oatidytio metal films are given. For reoent observation of orientation 
in metal films see Bjrohner (1932), Finoh, Quarrell and Wilman (1935), Beeching 
(1936) and Nebon (1937). 
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made to oorrelate activity and atraotuze of each fllma.* The reenlte reported 
in the literature in each of theee fielda are conflicting and often contra¬ 
dictory. Many of theee diacrepanoiBe axe readily explained from the 
atandpoint of the reaulta of this inveetigation. 

B. Afpabatus 

Beaetion vessel. The deaign of the reaction veaael waa the outcome of 
careful atudy. Though eaaentially a static method waa employed, it was 
found necessary to maintain a fast flow of the reacting gases past the 
catalyst in order to remove the reaction product and make the catalyst 
acocMible for fresh reactants at all times. The vessel was therefore con¬ 
structed in the form of a continuous droulatory flow system. Various forms 
were employed, one of which ia shown in flgure 1. The wide arm on the left 
side contains in its centre an approximate 10 cm. long constriction of 
about 1 cm. inside diameter. This constriction ia surrounded by a jacket, 
and the thin-walled inner tube may be maintained at any desired tempera¬ 
ture by pumping cooled or heated liquids through the jacket. Other 
forms of the vessel were totally or partly immersed into baths at the 
desired temperature. Figure 1 shows on the upper right side an all-glass 
turbine whose glass-enclosed soft iron rotor is driven by a rotating magnet 
from the outside. If the coils of this magnet are energized by A.C. or 
preferably by half-wave rectified A.C. of 60 cycles, the motor may be shut 
off after the rotor has been brought up to speed, and in the latter case 
(i.e. with half-wave rectifier A.C.) the turbine rotor wiU run at a constant 
speed of 30 rev./seo. which has been verified by means of a stroboscope.f 
With a well-built turbine a linear velocity of 2-3 m./sec. was obtained 
in the centre of the 1 cm. wide and 10 cm. long constriction. The catalyst 
was deposited on to the inside of this piece of tube by evaporation from an 
electrically heated hairpin-shaped wire. The wireholder was either sealed 
into the vessel or was set into position by means of a water-cooled ground 
joint. In figure 1 this is a double joint permitting the easy removal of the 
whole continuous flow system for cleaning purposes. The reaction rates 
were followed manometrically either by a mercury manometer directly 
or indirectly via a highly sensitive all-glass Bourdon gauge used as zero 

* Biedig and Allolio (1927), Fmob, Mtuison, Stuart and Thomson (1933) and 
Finch and Ikin (1934). 

t The actual procedure in the latter case is as follows: Start the magnets rotating 
without energizing them, then energize wrth half-wave rectified arc. The rotor will 
turn slowly in opposite direction to the magnets. Then stop the rotation of the 
magnets and the rotor will come up to‘SO rev./seo. with the magneta stationary. 
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inatniment. The latter prooedure proved to be aa unneoeiurj pceoantion, 
as most reaction rates were high as compared to the dlow diSnrion of 
mercury vapour from the gauge to the reaction vessd proper. 

Electron diffraction camera. The electron diffiraction camera was similar 
in design to that described in great detail by Qermer (1935)- The metal 
films for structure investigation were produced in a special glass apparatus 
under exactly the same conditions as the films used in the study of the 
chemical kinetios, the only modification being that the metal film could 
be produced on a flat water-cooled glass surface of 1-2 cm.* which could 
be removed as a separate unit and placed directly into the electron 
difiiaction camera. 

Experimental procedure. In order to obtain metal films of high activity 
and good reproducibility careful observance of the following procediire 
was found to be essential. Only extreme cleanliness and baking out of 
the reaction vessel proper under high vacuum for at least 2 hr. at or close 
to 500° C before each new metal deposition will secure the deeiied repro¬ 
ducibility. This point cannot be over-emphasized, and the failure of previous 
workers in the field to obtain active and reproducible films can be largely 
attributed to inadequate degassing of the apparatus. It is also necessary 
tq fiee the filaments from occluded gases. This is beet done by beating the 
filament just below the evaporation point for the last hour during the 
baking-out process. 

After degassing of glass vessel and filament, the apparatus Is allowed to 
cool and carefully purified gas is admitted if evaporation of the metal is 
to be carried out in a gas. During evaporation the glass wall upon which 
the evaporated metal is deposited is cooled to the desired temperature. 
The evaporation rate used was approximately OS mg. of metal per min. 
After deposition of a film of desired thickness the apparatus is ready for 
measurement of the reaction rate. The catalyst is cooled or heated to the 
desired temperature, the circulation turbine is started, and a hydrogen- 
ethylene mixture is admitted. Initial pressures of 100-600 mm. were used 
most frequently, and, with a total volume of approximately 400 0.0., the 
pressure change may easily and accurately be followed by the mercury 
memometer. The velocity constants obtained were independent of initial 
pressure. 

In order to standardize the experimental procedure as far as possible 
all reaction rates refer to the hydrogenation of ethylene and have been 
measured at 0° C unless otherwise indicated. The simplicity of the kinetics 
of this reaction has greatly facilitated the measurement and correlation of 
rate constants throughout this investigation. In all oases the reaction was 
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of the fleet order leith reepeot to hydrogen. However, in order to eeoure 
ihia reonlt, eepedally for oatalyete of high activity, it waa neoeesary to use 
forced gas oiroidatton by mecuis of the turbine described above. Although 
the order of the reaction in a given run was independent of the ethylene 
pressure, an excess of ethylene lowers the reaction rate considerably in 
agreement with earlier work in this field. All rate measurements were 
therefore oarried out with equi-molar mixtures of hydrogen and ethylene. 


C. EXPEROniNTAL BBSULTS WITH NICKEL FILMS 
Activity measurements 

Figure 2 shows the usual logarithmic plot for first-order reactions, the 
curves representing hydrogenation reactions of ethylene over 

evaporated nickel catalysts of various activities. The figure shows that the 



Fioube 2. Logarithmio plot showing first-order reactions on various catalysts. 

first-order law is well obeyed for slow as well as fast reactions. The slopes 
of similar curves were used throughout this work for evaluation of the 
velocity constants. Keeping the temperature at which the reaction rates 
are meaeuted constant (0° C) three main factors affect the activity of the 
evaporated catalysts: (a) the film thickness, (b) the pressure of inert gas 
in which the film is evaporated, and (c) the temperature of the glass surface 
on to which the metal vapour is condensed. In fiigure 3 are plotted velocity 
oonstants (multiplied by 100/2'303 for oonvenienoe) against the weight * of 
* For the given apparent surface of about 30 cm.*, the films contain 212 atom 
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the nickel films in mg./30 cm.*. The npper ourre shows the aothity of 
nickel films evaporated in 1 mm. of nitrogen and deposited on a ^Ums 
surface at 23° C, and the lower carve shows the activity of nickel films 
deposited at the same temperature in high vacnum. The point, marked A, 
represents a nickel film ficom evaporation in 1 mm. of argon under otherwiM 
equal conditions. The two curves show that the activity iuoreases with 
film thickness and that the films evaporated in 1 mm. of nitrogen or ugon 
have many-fold higher activity than those evaporated in high vacuum. 



FiOTTBB 8. Activity of evaporated nickel fibna as a ftinction of fifan weight (1 mg. ~ 
812 atom layers). O, evaporated in 1 mm. of nitrogen; ev^>orated in 1 mm. of 
argon; •, evaporated in high vacuum. 


The extremely high ctotivity of gas-evaporated films may best be judged 
from the fact that a nickel film of 29 mg. evaporated in nitrogen has a 
half time of less than 10 sec. for an equi-molar mixture of h 3 rdrogen and 
ethylene at atmospheric pressure. The increase of activity with film 
thickness (weight) is of great interest, sinoe it suggests that the whole 
interior of the film partakes in the catalysis and must therefore be porous. 
It will be shown later that this is also borne out by measurements of ad- 
soi^on and electrical conductivity. It may also be stated at this point 
that within the experimental limits no ga» (nitrogen or argon) is adsorbed 
by the nickel film during evaporation. Witii the apparatus used one gas 
atom could have been detected for every 10,000 metal atoms evaporated. 

The differences in height and shape of the two curves shown in figure 3 
can only be due either to a difference in surface area or to a diSerenoe in 
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intrincio Mtivlty per unit area or both. To inveatigate theee poaaibilitiee, 
•urfiMB areas were determined by gas adaoiption meaaoremente, and the 
oryital atraotnze of the fllma was investigated by election diffiuotion. 

AdMurpUon measurement 

The adsorption measnrements were carried out either directly in the 
same apparatus in which the reaction velocities were measured or in a tube 
of small volume in which the metal film was produced under conditions 
idmitical to those in the reaction chamber. With the latter apparatus dead 
space and glass surface could be reduced to a minimum - Pressure measure¬ 
ments were made by a McLeod gauge. The procedure was simply to allow 
the gases to expand frrfm a known volume and known gas pressure into 
the catalyst chamber, the volume of which was likewise known. From the 
resulting over-all pressure the adsorption may be calculated. 



Fiouiub 4. Adsorption of hydrogen and carbon monoxide on films evaporated in 
1 mm. of mtrogen (upper curve) and in high vacuum (lower curve). 

In figure 4 are shown results for adsorption measurements of hydrogen 
at room temperature and for carbon monoxide at -183° C on nickel films 
of various thickness evaporated in high vacuum and in 1 mm. of nitrogen. 
The residual gas pressure over the catalyst was in all oases close to 0-1 mm. 
The results are of interest in various ways. The striking fMt that the 
number of hydrogen atoms adsorbed at 23° C is equal to the number of 
carbon monoxide molecules adsorbed at —183° C shows clearly that each 
available lattice space on the surface is occupied by a carbon monoxide 
molecule, whereas the same space is occupied by a hydrogen atom only. 
This result demonstrates convincingly the monomoleoular nature of the 
carbon monoxide adsorption at —183° C as found by Emmett uid 
Brunauer ( 1937 ) for synthetic ammonia oatal 3 rsts. Of special interest, 
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however, are two farther remilte of the xneaeorementB jmeented in flguve 4: 
(1) the surface of niok^ films evaporated in 1 mm. of nitrogen k only 
twice as large as for the oorreqwndingly high vaoaum films, and (2) the 
sarfaoe of both film types increases linearly with the film thickness. On 
comparing these results with the activity curves of figure 3 it ia seen that 
the activity differences of the two film t 3 ^peB cannot be explained by 
differences in surface alone. It is to be noted that, although the area of 
the gas-evaporated films is only twice as large as that of the oorrespondiog 
high-vacuum film, their activities diffisr by a very much greater factor, 
and that the adsorption shows a linear increase with film thickness, whereas 
the activities increase faster than linearly with the exception of gas- 
evaporated films heavier than 15 mg. 


Meamrtmmta of eleetrieal eondudivity 


The adsorption measuiementa were supplemented by measurements of 
the electrical conductivities of the two types 
of films. These measurements were made in 
the same apparatus. For this purpose the 
catalyst tube was equipped with two very 
thin platinum rings about 3 cm. apart from 
each other which were well ‘worked’ into 
the hot and soft glass surface so as to form 
two conductive rings. The catalyst films 
were simply evaporated across these rings ^ 
in the usual manner, and the conductivity ^ 
between the rings was measured via suitable | 
sealed-in leads by a Leeds and Northrup | 

Wheatstone Brid^. The results are shown § 
in figure 6. The conductivity is given in 
ohm~^ of a tube-shaped nickel film 2*7 cm. 
long and 1*2 cm. in radius as a function of 
the weight of the whole film, the thickness 
of which is 212 atom layers per 1 mg. of 
nickel. The conductivity of the high vacuum 
films (upper curve) is four times as high as 
the conductivity of the gas-evaporated 
films. The conductivity of both film types 



is linear with respect to film thickness with conductivity 

a smaU deviation for films lighter than 
3 mg. This result is in perfect agreement gen (lower curve). 
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with the adaotption measorement, as both measuiements show that the 
films are homc^seneous throughout their thickness and that the films 
evaporated in 1 mm. of nitrogen are more porous than high-vaouum 
films. Calculation shows that the latter have about seven times the 
resistance of bulk nickel, while the gas-evaporated filmw possess twenty- 
eight times the resistance of bulk nickel. 

Adsorption and conductivity measurements can explain any linear 
increase of the activity. They do not, however, explain the more than 
linear increases and especially not the large factor between the activities 
of gas and high-vacuum evaporated films shown in figure 3. These differ¬ 
ences must therefore be due to differences in intrinsic activity per unit 
area of the two film types. A satisfactory and apparently complete 
explanation, however, has been found through the agency of electron 
diffraction studies of these films, leading to a new definition of active 
centres. 

BUectron diffraction studies 

As already mentioned, films of various thickness were evaporated on a 
special specimen holder under varied conditions identical with those 
obtaining in the catalytic vessel. 

(o) Oeneral resvUs. 

Before ducussing in more detail the variables affecting the structure of 
the films a number of electron diffraction pictures are shown in figure 6 
(plate 1 ), each picture relating to a certain point (as indicated by arrows) 
on figure 3 which is here reproduced. The structural difference between 
the two film types is at once evident. The highly active films evaporated 
in 1 mm. of nitrogen or argon are highly oriented, whereas the films 
evaporated in high vacuum do not show any preferred orientation for 
thin films though a pronounced orientation was found for the heaviest 
films. Gas-evaporated films heavier than 15 mg. are practically completely 
oriented, and their activity increases linearly with the fi l m thickness. 
This linear increase must therefore be due to the linear increase of active 
surface with film weight as shown in figure 4, the initial more than linear 
increase of activity for thinner films being due to the increase of degree 
of orientation with film thickness, until for films of about 15 mg. weight 
maximum effective orientation is obtained. The activity of the high 
vacuum-evaporated nickel films increases only slightly more than linearly 
with film thickness, and there seems to be no doubt that this is due to the 
tendency of these films to orient increasingly, though only slightly, with 
film thickness. 
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Therefore, in order to compare the activities of oriented and unoriented 
films quantitatively, some special ezpmiments vrare carried out in an 
attempt to produce a number of high-vaouum filwiw which would show no 
orientation. It was found that entirely non-oriented flltmt of various 
thickness could be produced by evaporation in high vacuum on to a 
liquid-air cooled surface. Upon heating to 0° C, at which temperature the 
activity measurements were carried out, such films have a slightly larger 
surface than those evaporated on to a surface at room temperature, but 
the activity iuoreases linearly with film thickness. This is shown in figure 7 



the same adsorptive surface. 

where all aotivities have been reduced to the surface of filma evaporated 
in high vacuum at 23° C. The lower curve represents films which are 
entirely non-oriented, the upper curve represents the activity for gas- 
evaporated films. The ratio of the slopes of these two curves therefore 
represents the ratio of the activities of an oriented film and an unoriented 
film of equal surface. This ratio is very close to five. 

(b) IfUerprekUion of diffraction pattema. 

The sharp ring patterns obtained with films evaporated in high vacuum 
were compared with transmission pictures of electrolytioally prepared 
nickel foil, and both were found to have normal face-centred cubic lattice. 
Electron velocities were measured by calibration with transmission patterns 
of gold foils; in some oases the gold pattern was obtained simultaneouriy 
with the pattern of the film to be studied by allowing a fraction of the 
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eleotron beun to be Mattered by the gold foil. Within the maximnm 
experimental error, which did not exceed 0*0%, no deviations from the 
normal spaoingB in the nickel lattice were observed for either oriented or 
non-oriented films. 

In the diffraction patterns of the oriented fllmn the intensity maxima 
(spots or arcs) lie along well-defined layer lines, the distance of these lines 
corresponding to the ( 110 ) spacing. This, together with the correct position 
of the maxima as to azimuthal angle and radius, show a high degree 
orientation of the crystallites with their 110 planes lying parallel to the 
backing. 

Though the diffraction patterns were obtained at nearly grazing in¬ 
cidence of the eleotron beam, the sharpness of the patterns and the lack of 
a marked displacement due to refraction show that the pattern must be 
mainly due to transmission through projecting crystals. 

Catalytic aelivUy, atruelure and adsorptive properties of ‘ double films* 

We shall designate as double films the strongly oriented films which 
were produced in high vacuum in the following manner. Initially a nickel 
film was evaporated on to the glass surfeoe in 1 mm. of nitrogen so as to 
produce a strongly oriented film. Evaporation was then interrupted and 
the vessel was evacuated to high vacuum following which deposition was 
continued imder a high vacuum until a film of desired thickness was 
produced on top of the oriented gas-evaporated film. In this way a 
strongly oriented high-vacuum film could be obtained as shown in figure 8 
(plate 2), where a high-vacuum film of about 4200 atom layers was 
condensed on to a gas-deposited film of approximately equal thickness. 
This shows that the orientation induced by the oriented substrate is 
carried through relatively thick layers. 

Such double films were investigated both for their adsorption pro¬ 
perties and their catalytic activity. Curves A and B in figure 0 represent 
the adsorption properties of gas-evaporated and high vacuum-evaporated 
nickel fllmn respectively (identical with figure 4). The points were obtained 
for double films. The upper number gives the amount of nickel in mg. 
evaporated in 1 mm. of nitrogen, the lower number the amount of nickel 
evaporated in high vacuum on to the first films. The parentheses indicate 
that the oriented high-vacuum film which is part of a double film has 
the same surfsoe as the unoriented high-vacuum film. 

Curves A and B in figure 10 represent the activities of the two types of 
film (identical with figure 3). The open circles are aorivities of double 
films, the upper number again giving the weight of the oriented gas- 
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evaporated film, tlw lower nomber the weight of the orieoted Ugh'vaowim 
film. The parmtheflee ending at curve B indioate the activities expected 
for unoriented high-vaounm film. The parentheses endin g at the opwi 
oirole give the activities obtained for the oriented high-vacuum fflms. The 
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FiOTiBX 9. Ad 80 TX>tioii on double flhns. 
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Fiouiib 10. Catalytio activity of double flltnii. 


respective activities may be compared directly, since the adsorption is 
equal for both high-vaouum films (figure 9). The activity increase will 
depend on the degree of orientation of the double films and on the degree 
of orientation of the high-vaouum films represented by curve B which, 
as we have seen, is gradually increasing with film thic^ees. Taking into 
account these facts, we again obtain the activity ratio of five to one for an 
oriented film to an unoriented film. 
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The bleok point in figure 10 represents a point of nnusnd high aotiviiy 
of an ordinary bigh-vaoniim film. When investigated by electron diffiaotion, 
the pattern, fllgine 11, plate 2, was obtained, showing a fairly lii gh degree 
of orientation which explains satisfactorily the high activity. Such unusual 
activities occurred occasionally after an apparatus had b^n in service for 
a long time. The only other detectable difference between such an apparatus 
and a newly made one was a strong fluorescence during a gas discharge 
of those g^ass parts on to which a nickel film had been often deposited. 
It seems possible that the glass surface is slowly transformed into a state 
of some unknown composition which induces the orientation. However, it 
seems more likely that the influence of surface impurities (water, oxygen) 
slowly disappears and that a single adsorbed gas layer may initiate the 
orientation. This view is supported by the following experiment with an 
apparatus which had occasionally shown these unusual activities. This 
apparatus was carefully baked out in high vacuum with liquid nitrogen 
traps in the pumping line close to the vessel. A deposited high-vacuum 
film showed no orientation. In the next experiment the procure was 
the same, but shortly before deposition Apiezon grease vapour was in¬ 
tentionally admitted by removing for a short interval and then replacing 
a liquid nitrogmi bath from a side arm containing some grease. The nickel 
film which was then deposited on the surface showed fairly good orienta¬ 
tion. Evidently the layer of adsorbed grease (or gas from the grease) had 
induced the orientation. 

For the sake of greater clearness we have discussed so far only high 
vacuum-evaporated films and films evaporated in 1 mm. of nitrogen or 
argon evaporated on to surfaces of room temperature which were pre¬ 
viously bt^ed out thoroughly. The effect of changing any of these factors 
will be discue^ed in the following paragraphs. 

(c) Qaa pressure during evaporation. 

The gas pressure necessary to obtain complete orientation is not very 
critical and ranges from about 0-5-2 mm. of nitrogen or argon for nickel 
films. However, a gas pressure of 5 x 10~* mm. produces films of markedly 
less orientation and of about 30 % lower activity. If pressures higher than 
2 nun. are used, orientation gradually disappears and films evaporated 
in 8-10 mm. show no orientation. The stronger general background and 
the broadening of the rings in the difiraction pattern show that the 
crystallites are much smaller in this case. Activities of these films were 
found to be comparable with those of oriented films. A more detailed 
investigation of this type of films is planned. 
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(d) Baking-out temparatiwrt of (kt glass surface. 

Ab has been evident £n>m figure 3 the thiokneas of the film infinenoea the 
orientation so that a gas-evaporated film (1 mm.) has to be about 15 mg. 
of weight to be highly oriented. This is true for a film deposited at 23° on 
to a glass surface previously baked out at about 500° C. If the glass 
Burfifioe is not baked out, but only degassed by evacuation, the gas- 
evaporated film has to be much thicker in order to be well oriented, a 
film of about 16 mg. weight being practically unoriented. In figure 12 
the oataljrtio activity relative to a film deposited on to a surface well 
degassed at 500° G is plotted against the baking-out temperature. A 



FiouBa 18. Catalytio activity of nickel films evaporated in 1 nun. of nitrogen as 
a function of the baking-out temperature of the supporting g^aas surface (given 
relatively to films baked out at 480” G). 

baking-out time of 1 hr. under high vacuum was chosen in this case. The 
activity of films deposited on a glass surface which had been merely 
d^assed by evacuation at room temperature is in excellent Eigreement 
with the activity of a non-oriented film if we take into acchunt that the 
gas-evaporated film has twice the surface of the high-vacuum film irre¬ 
spective of its orientation. 

Temperature of glass surface at time of deposition 

The infiuenoe of the temperature of the glass backing at the time of 
deposition of the metal film is especially marked at higher temperatures 
and affects equally strongly both oriented and unoriented films. 

Strongly oriented gas-evaporated nickel films were still obtainable at 
80° C, but a film deposited at 165° C was completely non-oriented. 
However, orientation loses importance at the higher temperatures, since 
the films lose their, activity rapidly with increasing temperatures of 
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ontering. Our main attention has therefore been given to the sintering 
piooeM itself. Nickel films were prepared at 23° C and were then heated 
fbr 30 min. at the desired sintering temperature. The were then 
cooled to 23 or 0° C respectively for standard adsorption and activity 
measurement. In figure 13 ate plotted adsorption measurements and 
activity measurements (hydrogenation of ethylene) against sintermg 
temperature. The ordinates of the points plotted are relative values based 
on the respective value for films deposited at 23° C. All values were 
reduced to a film weight of 14 mg./30 cm.*. Of particular interest is the 
fact that the hydrogen adsorption decreases much more slowly with in¬ 
creasing sintering temperature than the activity. The percentage decrease 



in adsorption and activity for oriented and non-oriented films is very 
closely the same, though the oriented films are twice as porous and many 
times as active as the non-oriented films. 

It is also of interest to note that the activity of a film is the same whether 
the film was deposited at 23° C and then heated to the sintering tempera¬ 
ture or whether the film was evaporated at the sintering temperature. The 
black points in figure 13 were obtained by the latter method. It is difficult 
to say how much the observed sintering phenomena are due to structural 
changes of readily accessible parts of the interior surface and how much 
they are due to decreased pore size. These questions will be more fully 
discussed below. It should be mentioned that oriented films do not lose 
their orientation by heating, even for longer times, at 400 or 600° C, though 
it may be expected that the surface actually exposed to the gas may have 
changed in structure. 
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AdaorptUm iaothmna 

In order to round out the general picture of the adsorption phenomena 
presented in this paper, adsorption isotherms were taken for a number of 
gases on nickel films. Isotherms were obtained for carbon monoxide at 
-183 and at 23“ C, for ethylene at 23“ C, for nitrogen at —183“ C, for 
hydrogen at 23“ C and for oxygen at 23“ C. In all oases, except nitrogen, 
irreversible chemisorption was found, the adsorption taking place in a 
few seconds. No nitrogen is adsorbed at room temperature. 

The isotherms are shown in figure 14 plotted in fractions of the surface 
which the gas covers at 0*1 mm. pressure. All isotherms are of the simple 
Langmuir type. As already reported in the case of hydrogen and carbon 
monoxide the adsorption of all gases increases linearly with film weight, 
and the adsorption on films evaporated in 1 mm. of nitrogen or argon is 
twice as great as on high vacuum-evaporated films. Curves of the t 3 rpe 
shown in figure 4 for hydrogen and oi^bon monoxide were obtained in all 
oases. With small deviations the following adsorption ratio relative to the 
carbon monoxide adsorption was found for the different gases on the same 
type of nickel surface: 

Gas CO H, N, CjH^ 0, 

Ratio 1 1/2 1/2 1/4 2 

According to figure 4 the ratio 1/2 is very exact at 0*1 mm. pressure for 
carbon monoxide at -183“ C and hydrogen at 23“ C. The carbon monoxide 
adsorption at 23“ C is about 20% less than at — 183“C, whereas the 
hydrogen adsorption at —183“ C is the same as at 23“ C. The carbon 
monoxide isotherm is completely level until it drops steeply at very low 
pressure. The hydrogen isotherm at 23“ C has a small slope, however, 
and drops sharply to only 80 % of its value at 0* 1 mm. pressure. This 20 % 
may also be pumped off at 23“ C, indicating that it concerns a different 
type of adsorption with a very much smaller heat of adsorption. In com¬ 
paring, therefore, the carbon monoxide adsorption and hydrogen adsorption 
at 23° C, the points where the isotherms drop sharply should be chosen, and 
again we obtain the ratio 1/2. The van der Waals adsorption of nitrogen at 
—183“ C and 0*1 mm. pressure is almost exactly equal to the hydrogen 
adsorption at -183“ C (or 23“ C) which probably means that the nitrogen 
molecules lie flat on the surface takii^ up two spaces of the nickel lattice, 
since the chemisorption of hydrogen is known to take place with a dis¬ 
sociation of the hydrogen molecules so that each hydrogen atom occupies 
one lattice space on the surfetoe. 
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The ratio of the ohemisorption of hydrogen and ethylene ig very exactly 
1/2 ,10 tiiat the ethylene molecule coven four apacee on the crystal lattice, 
presumably being adsorbed by the four hydrc^;en atoms. The adsorption 



Fioobk 14. Adsorption laothenns. 


of oxygen which was given above as being roughly twice the carbon 
monoxide adsorption is actually found to be somewhat larger. This, 
however, is probably due to diffusion of the oxygen into the interior of the 
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lattioe,evidietiQeilorwliiohwmbopieseat^ K«ir«rth«(bn,«prMtio«]fy 
iMtanteneoiu adsoiption of two moleoiilM per ktfei«tra|MM» on thn surihoe 
takes jdaoe, and it most be aaetimad that the ojcygao immediately pene¬ 
trates the first la 3 mr to allow such a large amount to be adsorbed. A dow 
difituion prooeu into the interior continues afterwards, as a small amount 
of oxygen will be taken up over a long period. It will be shown below in 
connexion with some poismiing experiments that the oxygen adsorption 
layer will diffuse into the interior even if no additional oxygen is available 
fic^ the gas phase. It should be mentioned that the oxygen used for the 
determination of the oxygen isotherms contained a small amount of 
nitrogen which undoubtedly caused the somewhat erratio behaviour at the 
lowest presaures. 


PoieotiMg experiment 

Both carbon monoxide and oxygen poison the nickel catalysts for the 
hydrogenation reaction. This poisoning process has bem studied in some 
detail and has given additional information on the catalytic and adsorption 
properties of the films. Sinoe very fast chemisorption was observed for 
both oxygen and carbon monoxide, these poisons were not expected to be 
selective with respect to the lattice structure on the surface of the catalyst. 
NevertheleBS, a curve was obtained as shown, drawn in full, in the upper 
part of figure 16. The open droles are experiments with carbon monoxide, 
the black with oxygen; they were made on oriented films. The crosaes were 
found for carbon monoxide poisoning on an nnoriented film. It may be 
added that whereas the total amount of carbon monoxide which the 
Burfoces would adsorb was necessary to poison the surface completely, a 
rather smaller amount sufficed in case of oxygen (where, as we have seen, 
twice as many molecules as in the case of carbon monoxide were taken up 
anyhow). The fractions used in the case of oxygen are therefore taken 
relative to the amount which was found to poison the surface completely. 

The curve obtained in figure 16 (upper part) for oriented film and the 
straight-line relationship (broken line) for the unoriented film may on first 
sight suggest that the oriented films of higher activity are poisoned some¬ 
what selectively. However, if such were true, we should expect a much 
larger influence for small amounts of poison than shown in the figure 
where the maximum curvature occurs at the higher percentages of poison. 
We believe that the true explanation is as follows: From figure 8 it is seen 
that the integral activity of films deposited in 1 mm. of nitrcgen increases 
rapidly with the film thickness, whereas the increase for the high-vacuum 
flhn is almost linear. If, now, the poisoning gas molecule is adsorbed where 
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it hiti fiMt ^ mwt expect that the upper more active pert of the film ie 
poiKmed first leaving the lower lea active part firee. In computing from 
this staadpoliit the activity remaining, after poisoning, the straight-line 
xelattonship shown in the lower part of figure 15 is obtained. 



FiauBB IS Poisoning curves, O oarbon monoxide, • oxygen (upper curves: 
unooTTectod, lower curve ooneoted for changes m activity with film thickness) 

SurfrMes, poisoned by oarbon monoxide or oxygen will still adsorb 
20 % of the amount of hydrogen that a clean surfooe would have taken up. 
This smount is the same as is represented by the nearly level part of the 
hydrogen isotherm As in the case of bydn^n alone, this hydrogen can 
be pumped off from the oarbon monoxide or oxygen adsorptkin layer. In 
agreemmit with observations of Benton and others (White and Benton 
1931 ; Qriffin 1939 ) on reduced mokel oxide catalysts the amount of 
hydrogen adsorbed is somewhat larger than expected if the surface is only 
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partially covered with carbon monoxide. Aa we have seen firom the 
poisoning carve such a partially covered surface will exist only at the mote 
or less sharp boundaiy between the outer parts of the fihn which are 
totally covered and the inner part which is not covered at all. lliis could 
easily be the reason for the effect observed here being very much smaller 
than in Benton’s experiments. 

An observation of special interest is the fact that a film poisoned by 
oxygen for chemisorption of hydro^n and consequently for the ethylene 
hydrogenation will upon standing for half a day regain its power to 
chemisorb instantaneously the regular amount of hydrogen, the oxygen 
apparently having diffused into the interior of the crystal lattice. This 
enables one to explain the slow disappearance of hydrogen from the gas 
phase over an oxygen-poisoned nickel catalyst without the assumption of 
a slow reaction between hydrogen and oxygen at room temperature. These 
observations are particularly important from the standpoint of the slow 
activated adsorption of hydrogen reported so firequently in the literature 
and will be discussed in more detail below. 

ReauUa with taetol fXm» 

Besides nickel films, which have been studied in greatest detail, all 
elements of the transition series in the eighth group of the periodic system 
seem to have the same properties. In particular, cobalt, iron, palladium 
and platinum were investigated. Of these, more detailed investigations 
were carried out with iron and palladium which will be published in later 
communications. From the standpoint of the present paper the following 
results are important: The elements of the same structure as nickel (face- 
centred cubic) respond to evaporation in a gas atmosphere with the same 
orientation found for nickel, i.e. the (110) plane parallel to the backing. 

The body-centred iron, however, orients with the (111) plane parallel 
to the backing when evaporated in nitrogen or argon, as shown in figure 16, 
plate 2, the oriented films having higher activity than the unoiiented films. 
The observations on iron are very helpful in explaining the orientation of 
the gas-evaporated films. This will be more fully discussed below. 

It was found that copper films sinter immediately upon evaporation to 
such a degree that no measurable internal surface could be observed either 
by chemisorption or van der Waals’s adsorption at —183° C. Blaoldsh 
films were obtained by evaporating copper in nitrogen or argon on to a 
surface at —183° C. Upon warming, the gas was completely released and 
the film could be seen to acquire a more coppery appearance during this 
process. Only rmder one condition was a copper film of low though easily 
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meactazmblfi activity obtained, that is when the film was evaporated in 
hydrogen on to a surface cooled to —183° C. This film also retained some 
hydrogen upcm wanning, which evidently is the reason for its not sintering 
entirely. No oriented copper films could be made at room temperature, 
whereas oriented gold films ootild be obteined fairly easily. It seems that 
the metals of high atomic weight respond more easily to orientation by 
gas evaporation. This is also borne out by palladium and platinum which 
orient more easily than nickel, cobalt and iron; the data, however, are 
still incomplete with respect to this last point. 

D. Disodssion 
Oaa-induced orientation 

Unless we deal with natural cleavage planes it seems impossible to make 
a definite statement as to the actual array of atoms in the boundaries of a 
crystal. The fact that it has been possible to produce nickel films, the 
crystallites of which are oriented with their (110) planes parallel to the 
backing, wo\ild not in itself definitely answer this question if it were not 
for the additional fact that this orientation can be mduoed by a gas from 
which further deductions can be made. If orientation is produced by the 
gas it seems likely that the oriented planes obtained are also exposed to 
the gas.* The mechanism by which gases such as nitrogen or argon induce 
the orientation is as yet not fully understood, and it is planned to investigate 
tins question more carefully from the experimental standpoint before 
attempting an explanation. 

It seems likely that an adsorbed gas layer could induce the orientation 
by forcing the metal atoms into positions corresponding to the plane of 
least density (which is also the plane of highest siufaoe energy) within the 
structure of the crystal lattice. In the case of nickel as shown in figure 17 
the (110) plane is in fact the plane of least density. In the case of iron, 
orientation of the ( 111 ) plane parallel to the backing was obtained (see 
figure 16, plate 2 ), and this plane happens to be the one of least density 
in the body-centred iron lattice. 

However, the inducing effect of argon or nitrogen could scarcely be of 
this type, since neither of the gases shows, nor is expected to show, any 

* Difierenoes in contact potential or photo-eleotno emission will bo the most 
direct proof of this question since theoretically the work function is expected to be 
different for different crystal planes. Such experiments are planned. In agreement 
with these expectations Paul A. Anderson has just reported (1939) a contact potential 
of 0 - IS ± 0-01 V between an oriented ( 100 ) silver film (deposited on rooksalt) (Bruck 
1936) and an unoriented film deposited on glass. 
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adsorption at room temperatnze and 1 mm. proasuro. It can be ahown 
eaaily that the time an argon moleoule would have to stay on the surface 
in order to cover the surface with argon molecules at 1 mm. preasuxe is 
roughly 10-* sec., which is a time many orders of magnitude greater than 
might reasonably be expected, even if the accommodation coefficients 
were unity. It seems therefore that the effect of these gases on the orienta¬ 
tion is a purely kinetio one either through dissipation of oondrasation 
energy at the snrfaoe, i.e. by affecting the freshly formed surface itself, 
or through an effect on the energy distribution of the metal atoms before 
they reach the surface. The larger porosity of gas-evaporated film can also 
be explained from the standpoint of faster energy dissipation of the raetgy 
of condensation. In most of our experiments condensation took place at 
a rate 10* times leas than that of the gas ooUisions with the snrfaoe. 



Fiqxtkb 17. The simple crystal planes of nickel. 

Accafibilit]/ of cakUyat inUrior 

The increase of catalytic cwtivity with the mass of the film is of great 
interest smd shovrs that even for reactions which are completed in fractions 
of a minute the innermost layers of the catalyst participate in the reaction 
to the full extent of their inherent activity. Thu was quite clearly brought 
out by the poisoning experiments. The total intmior surface of an oriented 
nickel film of for instance 60 mg. weight was found to be very close to 
10,000 cm.*, whereas the apparent simface is only 30 cm.*. Let us, for the 
purpose of simplification, assume that the film is composed of oylindiical 
canals whose diameters just touch. If then the weight of the film is 60 mg., 
the interior surface 10,000 cm.', and the apparent snrfsMe 30 cm.', it can 
be easily shown that the film will have 4-4 x 10^^ canals with a radius of 
4-2 X 10^ cm. and a length of 8*7 x 10"^ cm. It may be shown now that 
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the innennoet portion of such a film can partake in the reaction to nearly 
the foUeet extent <hi the baeis of simple kinetios only. From the known 
reaction rate we can calculate that at atm. in an equal molar mixture of 
hydrogen and ethylene, 40 mol. of ethylene will be hydrogenated per 
second per single lattice space. According to figure 4 there are 12'6 x 10 ^ 
lattice spaces available in the film under consideration. The film will 
therefore hydrogmate 6 x 10“ ethylene mol. or 8-25 x 10 -* g.mol./sec. This 
amount has to be carried into the interior through 4*4 x 10^^ <w.nal« of 
8*4 X 10 -* cm. diameter and of average length of 4-36 x 10~* cm. Though 
the diameter of the canals and the mean &ee path of the molecules at 
^ atm. of equimolmr gas mixture are of the same order of magnitude, it 
can be shown that the gas flow through the canals is essentiaUy of molecule 
nature, and that Knudsen’s law ( 1909 ) for molecular flow hold very 
closely. In calculating by this law the average pressure difference necessary 
between the outside and the interior of the film in order to supply 6 x 10 “ 
hydrogen mol. per sec., and the same amount of ethylene molecules, we 
find an average partial pressure difference of about 0*5 mm. for hjrdrogen 
and about 2 mm. for ethylene. The maximum pressure differences between 
the outside and the most inner parts of the film will therefore be 1 and 
4 mm. for hydrogen and ethylene respectively which is roughly 0*6 and 2 % 
of the partial pressure of ^ atm. of each of the gases. 

Since the reaction is first order with respect to hydrogen and since a 
slightly lower partial pressure of ethylene will increase rather than decrease 
the reaction rate, we may conclude that within the experimental error and 
under the simplifying assumption of straight canals the observed activity 
of the catalyst interior is satisfactorily explained from the standpoint of 
simple kinetios. 

The same may be said for the apparently instantaneous adsorption of 
most of the gases studied. If the adsorption is irreversible or if the time 
for which a molecule is adsorbed is very long compared with the time 
necessary to cover the interior surface, we may use a formula derived by 
Clausing ( 1930 ) for this very problem of non-stationary molecular flow into 
a canal. According to this approximate formula the time t necessary to 
cover the surface of the canal with molecules is 

*~8fr*N' 

where L is the length and r the radius of the canal, / the siufaoe taken up 
by an adsorbed molecule, and N the number of molecules which collide 
from the gas phase per second with the unit area of the wall. 
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To cover the interior trarfooe of our film with hydrogen atoms, 6*25 x 10^ 
hydrogen molecules ate needed which with a stationary pressure outside 
the film of 0-5 mm. will be supplied according to CSausing’s formula in 
about 10-* sec. For ethylene molecules, which cover four lattice spaces 
each, the time required would be twice as long. The time required to build 
up the gas pressure in the interior of the film to the piessuie outside the 
film may be easily calculated and is n^ligibly small as compared to the 
time required to supply the molecules for the aidsorbed layer. 

It should be mentioned that during the reaction the ethane molecules 
formed will leave the interior of the film by setting up a pressure difieienoe 
which is, of course, close to that of ethylene but in the opposite direction. 
When, however, the ethane molecules leave the film it can be readily 
shown that diffusion alone is not able to provide for their transport sway 
firom the film and that artificial agitation is necessary, a fact which has 
been amply verified by experiment, and which has necessitated the use of a 
circulation turbine. 

We hope to take up the problem of gas diffusion into our films in greater 
detail after measurements of their density have been made. 

Orientation and catalytic activity 

The evidence which has been presented, showing that nickel films with 
(110) orientation possess five times the activity of unoriented films, brings 
up at once the very interesting question as to the actual seat of activity. 
The developments of the last few years leave investigators divided into 
two camps: adherents to the active centre theory propounding the non¬ 
uniformity of catalytic surfaces and believers in the uniformity of catalytic 
surfaces. There seems to be no doubt that surfaces of predominantly 
uniform activity exist; yet it must be remembered that certain experi¬ 
mental procedures may indicate such uniformity where none really exists. 
The poisoning experiments of this investigation, for instance, could be 
interpreted as proving uniform activity if it were not for the fact that the 
poisons used appear to be definitely non-selective. The correlation between 
activity and orientation (and to some extent also the sintering experi¬ 
ments) show that the surfaces are in reality not uniform. Even if we assume 
that oriented films are uniformly active because (110) planes only ate 
exposed to the reacting gases we are forced to conclude that the crystallites 
of unoriented films either expose to the reacting gases other planes which 
are lees active or that they expose a small fraction of active (110) planes 
together with a large fraction of planes which are less active or entirely 
inactive. The active centres or ‘'active regions” would in this case coincide 
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with a homogeaBoiiB, definite crystal lattice rather than with extra-lattice 
atoms or related atomic arrangements which put the emphasis on crystal 
or field distortions. 

The (110) plane of nickel oontiuns the distances a«3*61 A and 
a/^2 V 2*48 A (see figure 17). Although the distance 3*61 A occurs also in 
the (100) plane it is not only less frequent in this plane but the adsorption 
of a hydrogen molecule by adiabatic expansion of its two atoms to the 
distance 3*51 A is made less probable in the (100) plane on account of 
repulsion and exchange forces exerted by the two neighbouring atoms. 
This has been discussed by Okamoto, Horiuti and Hirota (1936), who have 
calculated activation energies of the hydrogen adsorption for pairs of 
adjacent metal atoms in the three main crystal planes of nickel and have 
come to the conclusion that the activation energy is lowest for the (110) 
plane. Their ccdculations are based on Sherman and Eyring’s (1932) 
quantum mechanical treatment of the hydrogen adsorption on a pair of 
carbon atoms which showed that a most favourable carbon-carbon distance 
exists (about 3'6 A) for which the activation energy of adsorption is a 
minimum. 

It is, however, difficult to decide from our experimental evidence whether 
the process of adsorption, reaction or evaporation is faster on the (110) 
plane and is thus able to account for the observed difference in reaction 
rate. We have seen that the chemisorption of hydrogen is practically in¬ 
stantaneous on both oriented and unoriented films, indicating that the 
activation energy is very low in both cases and that the proper spacing is 
possibly of less importance from this standpoint than it may be from the 
standpoint of the reaction itself especially in the light of recent investiga¬ 
tions by Farkas (1940), which indicate that the two hydrogen atoms are 
added to the double bond simultaneously. Even then the adsorption of 
hydrogen can still remain the alow and rate-determining process as suggested 
by the kinetics of the hydrogenation reaction and more directly by recent 
work of Twigg and Rideal (1939) and Farkas (1938). 

Work is under way to investigate more specifically the relative activity 
of the different crystal planes. This may be done indirectly by seeking 
small differences in the activation energy of the hydrogenation reaction 
which has been found in agreement with eeurlier work to be about 10 koal. 
If the reaction proceeds on different planes with different activation 
energies such a difference in activation energy should be obswvable though 
the difference will be small. If, on the other hand, the reaction proceeds 
on the (110) plane predominantly, and if this plane is simply five times less 
abundant in the unoriented film, no difference in activation energy is 
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ezpeoted. Measuremwxt of the heat of adsorption would aleo be Tery 
dedrable in this connexion. A more direct way is also being attempted. 
Single crystdi films of palladium which show (100) planes parallel to the 
backing have been successfully obtained by evaporating palladium on to 
rocksalt cleavage planes. Figure 18 (plate 2 ) shows an eleotron difiraotion 
pattern obtained by gracing inoidenoe of the beam from a film several 
thousand atoms thick which was obtained by evaporating p al l ad i u m on to 
a rocksalt cleavage plane at about 360® C. Figure 10 (plate 3) shows an 
X-ray pattern of another film (20,000 atoms thick) still on its rocksalt 
base, the beam being normal to the film. Figure 20 (plate 3) shows the 
X-ray pattern of the film itself after the rocksalt was dissolved. It is seen 
that the palladium single crystal film is rather strained. A fuller discussion 
of these flltna moU be given in a later communication when the catalytic 
experiments have progressed further.* 

From the standpoint of the theory of crystal growth, Stransky (ipai) 
has pointed out that there is a fundamental difference between ionic 
crystals and homopolar crystals. Whereas the former grow from sharp 
comers and edges, the planes filling up subsequently, the latter grow from 
the centre of the planes and leave, instead of edges and comers, surfaces 
of higher spedfic surface energy, possibly ( 110 ) planes or possibly planes 
of even higher indices which will serve as active regions. These surfaces 
will have a small area, corresponding to their high surface energy unless 
they are forcibly produced as in our case by evaporation in a gas. 

Bearinff of the results on the general problem of adsorption 

The results of adsorption measurement are of particular interest from 
the standpoint of the work of Roberts ( 1935 ). Roberts has developed a 
direct method of measuring the adsorption of certain gases on a bare 
tungsten surface by using the chan^ of the accommodation coefficient of 
neon on a bare surface and a surface covered with an adsorbed film. He 
found that chemisorption of hydrogen, for instance, takes place very 
rapidly at extremely low pressures ( 10 -* to 10 -» mm.) and oven at very 
low temperature (79° K), and he has rightly pointed out that this behaviour 
is not in agreement with the conception of activated adsorption which is 
generally assumed to govern this adsorption phenomenon. The present 
work corroborates these views for surfisoes more than a million times 
greater than those of Roberta. Furthermore, these surfaces are typical 

* These experiments were earned out in the latter part of 1988. Independently 
8. Fordham and R. O. Tfhalwa (1939) have reported the sanM method of obtaining 
palladium ein£^ orystala. Earliw literature is to be fiiund in their paper. 
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hydrogenation oatalyste for which the application of Roberts’s findings on 
tungsten has been repeatedly questioned in the literature. Roberts has 
already pointed out that if Uie term ‘chemisorption’ be reserved for an 
irrevendble adsorption as observed by him and in the present work, it 
must be'stressed that this adsorption is not synonymous with activated 
adsorption, though many oases of activated adsorption may also be 
chemisorption. Roberts has also expressed the suspicion that activated 
adsorption of hydrogen, as observed on reduced metal oxide catalysts, 
very likely may be an effect of residual oxygen which by slow reaction with 
hydrogen simulates a slow adsorption. Even this assumption is not folly 
necessary, as we have been able to show that a fieshly adsorbed la3rer of 
oxygen on nickel will prevent immediate hydrogen adsorption but, upon 
standing for half a day in high vacuum, will have diffused into the metal 
interior for enough to allow the adsorption of a complete hydrogen layer. 
Furthermore, Roberts has shown that a diatomic gas like hydrogen when 
admitted to the tungsten surface will leave about 8 % of the lattice spaces 
empty. This again is in agreement with our observation according to which 
about 20% of the hydrogen adsorbed at 0*1 mm. and room temperature 
may be readily pumped off. It seems likely that comparatively loosely 
bound molecules of hydrogen are adsorbed on the empty single spaces 
which would account for at least 16% of the total amount adsorbed. In 
this case, «dso, the measurements of heats of adsorption which we have 
planned are very desirable. 

Mr F. Rust has collaborated during the earlier stages of this work and 
Mr W. A. Cole has assisted with the adsorption measurements during later 
stages. Qratefol acknowledgement is made to the directors of the Shell 
Development Company for permission to publish this work and especially 
to Dr E. C. Williams for his continued interest in its progress. 
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On the mechanism of boundary lubrication 
I. The action of long-chain polar compounds 
By Otto Bgbok, J. W. Givbns and A. E. Smith 
{Communicated by J. W. McBain, F.R.S.—Received 4 April 1940 ) 
[Plate 4 ] 

The effect of long^ohain polar compounds on the ooefflciont of kinetic 
friction under boundary conditions has been studied using the Boerlage 
four-bcdl friction apparatus in vanous modiflcations. With steel balls of 
the highest grade, coeffloionts of friction for a great number of lubricants 
wore measured as a function of the relative velocity of the rubbing surfaces. 

The structure of thm films of these lubricants rubbed on polished mild 
'steel surfaces was investigated by electron di£fraotion. 

It was found that lubricants showing httle or no surface orientation had 
a constant coefficient of friction of about O-l over the available velocity 
range from 0 to 1 om./seo. With oils which showed high surface orientation 
imparted by addition of long^cham polar compounds, a sudden decrease 
of the coefficient of the friction was observed at various velocities of the 
sliding Burfsoes, dependmg upon the compound used. Investigation of a 
great number of compounds gave a dueot correlation of this effect with 
molecular orientation; those compounds causing the effect to occur at the 
lowest velooitiee wore found to be most highly oriented with their carbon 
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ohaint moat neariy perpendioular to the saifaoe. Sinoe suoh a change of 
the ooeflioient of friotioa can only be explained by the 'wedging of oil «««<«»• 
the aurfooe (oil drag), the effect waa termed the ‘wedging effect* leading to 
a type of lubrication which may be called ‘quaei-hydrodynamic*. 

By meaanring the electrical resistance between the sliding surfaces it 
was found that the regions of sudden decrease of the coefflcient of fnotion 
correspond to a change from metallic contact to extremely high resistance. 

The investigation shows that long-oham polar oompxiunda act primarily 
by inducing the ‘wedging effect* and not by giving a direct protection to 
the surface. 


1. Introduction 

Sinoe the early formulation of the law of Amontona (1699) numerous 
studies of kinetio friction under boundary conditions have b^n made, but 
it is only lately that the work of Langmuir (1934) on frictional properties 
of built-up films on solids, the electron diffraction work of Murison (1934) 
and, in particular, the recent work of Bowden and collaborators (1934- 
1939) on the discontinuous nature of sliding friction and their investigation 
of contact areas and of the mechanism of polish, have materially advanced 
our understanding of the phenomenon of sliding friction. 

In the presence of a lubricant boundary lubrication (sometimes also 
called ‘non-'visoous’ or ‘thin film’ lubrication) occurs under high pressures 
and low-sliding 'velocities, and is characterized by coefficients of friction 
which are practically independent of viscosity and sliding velocity. It has 
long been known, however, that different oils have different coefficients of 
frriction under boundary conditions, and that oil-soluble compounds ha'ving 
long carbon chains and polar groups at one end are especially effective in 
reducing the coefficient of boundary fnction when they are added to highly 
refined mineral oU (white oil). 

It has also been generally expected that any material that would reduce 
the coefficient of boundary friction would also reduce the rate of wear, and 
a great deal of work has been done on a variety of fnction machines in the 
hope of finding some compounds that would reduce friction to an extra¬ 
ordinary degree. But, owing to widely varying designs of the machines, 
the results of the different investigators cannot be correlated. This greatly 
adds to the difficulties in interpreting the results in terms of simple 
physical concepts. 

It seemed clear at the outset that the reduction of friction produced by 
long-chain polar compounds must be due to their adsorption on the rubbing 
surfaces, but there appeared to be considerable speculation as to the nature 
of the adsorbed films and the mechanism of their action. It is this ignorance 
which has led to vague and confusing terms like ‘oiliness’ and ‘film 
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strength’ which, undoubtedly, will disappear as our knowledge of the 
properties of oils and of liquid in general increases.* 

Moreover, it is now quite certain that so-called ‘oiliness compounds’ 
which lower the coefficient of friction under boundary conditions do not 
necessarily lower the rate of wear, but, on the contrary, often increase the 
rate of wear. 

In order to elucidate more completely the mechanism of boundary 
lubrication and especially the action of long-chain polar compounds, the 
structure of adsorbed oil films was studied by electron difibaction and their 
coefficients of friction were studied as a function of the sliding velocity. 
These observations have shown a new frictional effect, not previotisly 
reported in the literature, which may be directly correlated with the 
orientation of the adsorbed lubricant film. 


2. ApPABATCS and aXPSKIMINTAL TKOHNIQUS 
(a) Electron diffraction experiments 

The electron diffraction camera used in this work was similar in design 
to that described in detail by Germer (1935). The reflexion method was 
used, and nearly all the surface films were produced on highly polished 
mild steel plates by dipping the platra into the lubricant and rubbing with 
lens paper until all excess lubricant was completely removed. Most 
substances examined were pure long-chain polar compounds or other pure 
addition agents of which the majority were solids at room temperature and 
had to be applied to the steel plate at temperatures slightly above their 
melting point. However, several lubricant-like petroleum fractions and 
solutions of addition agents in white oil were also studied. 

(6) Measurements of coefficients of friction 
The principal apparatus chosen for the study and analysig of sliding 
friction was the four-ball top developed in its original form by Boerlage 
and Blok (1937) on the four-ball principle .which was used previously by 
the same authors in their four-ball apparatus for testing extreme pressure 
lubricants. This apparatus, in which a single ball rotates under variable 
loads on a support formed by three similar balls clamped together in an oil 
cup (see figure 1), is particularly adaptable to measurements of coefficients 
of friction at low-sliding velocities of 0-1 cm./sec. and high pressures of a 
few thoiisand kg. per cm.* or higher. Assuming that tiie coefficient of 
* See also Givens (1939). 
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Motion wao constant over the small velocity range, Boerlage and Blok 
simply measured the time required for the Motional force to stop the top¬ 
like rotor attached to the upper ball, after the rotor was given definite 
initial uigular velocity by a falling weight * 

mechanism. In this case the coefficient of Mo- 
tion/ can be calculated by the formula: 

where n is the number of revolutions, t the 
running time of the top and C a constant /TN 

depending on the weight and the moment of 
inertia of the rotor and the siae of the balls. 

Preliminary experiments of the present in¬ 
vestigation had shown, however, that the 
deceleration of the top was not always constant 

over the whole velocity range. A careful analysis of the motion of the rotor 
was made therefore by means of the revolving drum recorder which is shown 
together with the modified four-ball top in figure 2. The recorder served 



Ftoxtbx 2. Boerlage four-ball top and photo-eleotrio chronograph. 


as a chronograph and received its impulses from a photo-electric cell, the 
illumination of which was interrupted by the motion of the rotor. The 
impulses were recorded by a stylus on waxed paper stretched on the outside 
of the drum. From these records the angular displacement was plotted 
against time; and from the plots instantaneous values for the velocity and 
deceleration were readily obtained by graphical differentiation. The 
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coefficients of Motion were then calculated by equating the observed 
decelerating torque to the Motion moment. The results were finally 
expressed in plotting coefficients of Motion 
against velocities. 

To supplement the four-ball top which allowed 
deceleration experiments only, an apparatus was 
used in which a highly polished steel cylinder 
was sliding on four supporting clamped balls as 
shown in figure 3. Discs were attached to the 
ends of the cylinder increasing its moment of 
inertia, and cords were wound in grooves on 
the periphery of the discs so that the rotation 
of the cylinder coiild be accelerated by weights 
hanging op the cords. The motion was again 
anal3r8ed by means of the chronograph and the 
coefficients of Motion were calculated and related to the angular velocity 
as for the four-ball top. 

(c) MeoauremefU of electrical conductivity of oU fUnu 
under bourtdary conditions 

The conductivity measurements of boundary films were carried out with 
the four-ball bearing. A •motor-driven modification of the Boerlage four- 
ball top was used for this purpose. The apparatus is shown in figure 4. The 
rotor can be brought to any desired speed and is able to rotate freely after 
the driving mechanism is disengaged. For kinematic studies of boundary 
Motion the rotor’s deceleration is observed by means of a photo-electric 
chronograph that receives its light impulses via a decagonal mirror 
attached to the upper part of the rotor. The three lower balls were insulated 
and provided with separate contacts. The measuring current passed from 
one lower ball through the top ball and back to a second lower ball. The 
resistance measurements were made by means of an A.C. operated direct- 
reading electron-tube ohm meter of high sensitivity. The measuring 
potential was always kept below 0*1 V. 

(d) Method of cleaning metal surface 

In these experiments cleanliness is of paramount importance in order to 
obtain reproducible results. Excessive oil is first removed with solvents. 
The balls, chuck, and all stationary parte near the Motion elements are 
then boiled for 10 min. in a solution of 70 g. of potassium hydroxide in 



Fioum 3. Acceleration 
apparatus. 
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1 litre of iaopropyl alcohol. The parts are rinsed in distilled water and 
finally in'boiling iaopropyl alcohol. Ailer the last rinsing the parts should 
not be touched by hand. 



Fiunan 4. Modified four-ball top (nerving also as wear apparatus). 


3. Expubihkntal results 

Figures 6 and 6 show typical curves obtained with the four-ball top. 
These curves are to be read ih>m higher to lower angular velocities since 
they represent deceleration experiments The curves show an effect which 
is entirely unexpected and now for boundary lubrication and which consists 
of a rapid decrease of the coefficient of frictions at the initial higher 
velocities. At certain critical and easily reproducible velocities the curves 
bend over sharply and the coefficients of friction become constant, that is, 
independent of velocity for the rest of the run. White oil* and ricinoleic 

* White mineral oil, U.S.P. Viscosity at 100° F, 349-3 S.U.S. Viscosity at 210° F, 
81-6 S.U.S. Viscosity index, 68-0. Density at 60° F, 0-8876. 
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acid do not show this effisot. 'Hie other c o rv e s osn be ohsxaoteriied by two 
constants, the steady value of the coefficient of fiiotkm and the oritioal 
velocity at which tite coefficient a( friction falls off rapidly. If the initial 




Figxtxb 6 O castor oil, x noinoleio aoid, V fatty acid firaotion firom castor oil; 
□ 1% steano acid in noinoleio acid. 

velocity of the top is lowered beyond the critical velocity, the effect is not 
observed, if the top is started at mnoh higher velocities, a rather unsteady 
state of rapid and irregular fluctuation of the coefficient of friction is 
observed. The measurements presented were started therefore at velocities 
only slightly higher than the ciitioal velocity. 







Beeck, (liveitu and Smith Proc. Boy. Soc., A, ml. 177 , pUite 4 
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In Qtder to be oeitain that the obeerved effect wae not a transient dne 
to the rapid initial acceleration of the top, some experiments were made 
with the second firiotion apparatus described in section 2 (6) which allows 
slow acceleration. A typical curve obtained &om this apparatus is shown 
in figure 7 . Data were taken during both acceleration and deceleration. 
Although the low value of firiotion is obtained in this case by slow accelera¬ 
tion, the deceleration part of the curve is of striking similarity to the 
curves obtcuned by the four-ball top. 



PlOUMI 7. 

From these results it appears likely that the obsMved effect of low 
coefficients of fnction at higher velocities is produced by oil drag under the 
surface and that this wedging of oil is a property which is imparted to the 
oil by a certain surface activity. The wedging effect should occur, however, 
only if material is available to be wedged under the surface, and the effect 
should disappear if a well-rubbed thin film is used. It has already been 
contended by Langmuir (1934) and has lately been proven by Germer 
and Storks (1939) that such rubbed films consist essentially of a mono- 
layer. Experiments with the four-ball top under these conditions do not 
show the decrease of the coefficient of filiation at higher velocities under 
any oiroumstanoes. It is significant, however, that the steady state 
coefficient of boundary lubrications obtained with the oil fiooding the balls 
is practically unaltered with rubbed boundary films. This is further proof 
that boundary conditions are actually prevailing at low velocities with the 
bulk of the lubricant present. 


Voi. \n A. 
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Furthermore, changiiig the visooeity of the white oil by blending it with 
non-polar pure polyisobutylene had little effect on the oritioal Telocity and 
the steady state coefiioient of friction. Blends containing 1% oleic acid 
and with their viscosities differing by a factor 100, show only about 10% 
change in the oritioal velocity and in the coefficient of pure boundary 
lubrication. These experiments show clearly that differences in bulk 
properties of the lubricant have only negligible effects on the wedging effect. 

However, a study of the surface structure of the lubricant ffims revealed 
that all substances showing the wedging effect at low velocities exhibited 
a high degree of orientation of their surface films. White oil and rioinoleio 
acid which as shown in figures 5 and 6 do not exhibit the wedging effect, 
also do not show any orientation. A particularly extensive study was made 
in the case of rioinoleio acid with both rubbed and vapour-condensed films. 
In no case was orientation observed, although this fatty acid was un¬ 
doubtedly adsorbed on the surface as the low coefficient of boimdary 
friction (compared with white oil) shows. It is likely that these molecules, 
because of the hydroxyl group near the centre of the chain, are adsorbed 
lying flat in an irregular manner. White oil showed always high but very 
irregular coefficients of friction. It will be shown later that its oritioal 
velocity is about six times higher than that of a 1% solution of oleic acid 
in white oil. 

All substances showing the wedging effect also showed orientation. The 
lowest critical velocities were observed with those long-chain polar com¬ 
pounds for which the electron diffraction experiments showed the highest 
degree of orientation, the carbon chains extending out from the stnface 
either perpendicular or slightly inclined. Figure 8, plate 4, gives a few 
examples of the type of patterns obtained. 

It seems to be unnecessary for the carbon chains to be anchored to the 
metal surface by polar groups in order to give rise to the wedging effect. 
Long-chain non-polar hydrocarbons like tetratriaoontane are also able to 
induce the effect at room temperature. A rubbed film of this material 
shows a high degree of orientation with the chains perpendicular to the 
surface. The same is true for stearone, a long-chain ketone with the oxygen 
group in the centre. At higher temperatures, however, a marked difference 
between molecules with and without a polar group on one end was observed. 
The difference is most striking in electron diffraction experiments in which 
the specimen holder was heated during the experiment. At a temperature 
close to the melting point of stearone, all molecules adsorbed with their 
long chains |)erpendicular to the surface evaporated, leaving, however, 
some molecules on the surface which may have been impurities or stearone 
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moleouks which were adsorbed lying flat. In the case of tetratriaoontane 
the same procedure led to a complete evaporation of the molecules at 
tempwatures close to their melting point. The completeness of evaporation 
is indicated by the appearance of a clear difiraction pattern belonging to 
the iron backing. Moat of the polar compounds are tenaciously adsorbed 
at still higher temperatures (about 200° C). In case of stearic acid, for 
instance, a fairly thick film was applied and gave a difiEraction pattern 
of inclined bands with well-defined spots charactenstio of oriented imperfect 
crystals. This film was heated slowly and a series of fifteen exposures was 



taken over the temperature range of 20-180° C. As the temperature was 
increased the spot pattern faded and the pattern characteristic of adsorbed 
stearic acid molecules gradually appeared. The spot pattern had dis¬ 
appeared completely at 60° C, but the pattern of curved bands was still 
persistent at 110° C, although by that time the plate had been heated for 
2 hr. in high, vacuum. A further increase in temperature caused the bands 
to become fainter and more diffuse, and the ring pattern of the iron backing 
increased in intensity. There is an unmistakable correlation between these 
flnHinga and the fact that at higher temperatures low critical velocities for 
the wedging effect are obtained only for compounds which are strongly 
adsorbed at these temperatures with their carbon chain extending out 
from the surface. Figure 9 shows the wedging effect for some pure com¬ 
pounds at elevated temperatures. The critical velocity for tetratriaoontane 
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would flaJl out of the range of these experiments for temperatures higher 
than 80® C. 

In view of the abrupt drop in ooeffioient of Motion in these experiments, 
it seemed possible that the oritioal vdooities could be found through 
electrical resistance measurements. Method and apparattis have been 
described in section 2 (e). It was found that if the rotor was brotight up to 
a high speed and was then disengaged from the driving motor the reautanoe 
was that of an open circuit (with the apparatus used 10,000 ohms or 
greater). As the speed became lower, the resistance decreased slowly 
until upon reaching about 260 ohms violent oscillation occurred for a 
moment after which the resiatanoe suddenly fell to very low values. In 
identifying the speed of the rotor at which the oscillations occur with the 
critical velocity, satisfactory agreement is obtained with the methods using 
the graphical evaluation of the coefficient of Motion. The comparison is 
shown in table 1. 


TaBLB 1. COMPAEISON OF OBITIOAI. VKLOCmES DSTBBMINBD BY THE 
BLEOTBICAXi AMO GRAFHIOAL IfBTHODS FOB VABIOUS LUBBIOAMTS 


Lubnoant 

White oil 

Fennsylvaiiia bright stock 

White oil +1% Pennsylvania bright stock 

Motor oil SJt.E. 20 

Castor oil 

Light Pennsylvania neutral 


Critical velocity R.P.S. 

Eleotncal Graphical 

22 » • 

0-80 0 28 
0-63 0'36 

0-60 O-SS 

0-83 0-60 

0-90 • 


* CntioeJ velocity too great to measure on the four-ball top, > 0*60. 


Data by the electrical method, showing the effect of various compoimds 
in lowering the very high critical velocity of pure white oil, are shown in 
table 2. 


Tablb 2. The effect of vabious foi^ab oompoumds in lowebino 

THE CBmCAL VELOCITY OF WHITE OIL. 1% SOLUTIONS 

Critical velocity 


Compovmd added to white oil R.P.S. 

None 2*42 

Ethyl cerotate 0*67 

Heptadecyl tetrahydronaphthyl ketone 0-17 

Lauryl /^-naphthyl ether M3 

Trincinolem I'lO 

Oilonnated ethyl oleate 2*40 

Lauramide 2*42 
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It should also be mentioned that idl experiments were oarried out with 
the same grade of highly polished steel balls. A certain degree of polish is 
neoeesary to induce the wedging effect. Bough surfaces w^ not show the 
effect at all, whereas polished surfaces which in addition have been run in 
with a chemical polishing agent like tricresyl phosphate (see Part 11) 
showed the wedging effect even to the lowest measurable velocities of the 
rubbing surfaces. 


Discussion 

Earlier observations (Murison 1934, Clark, Sterrett and Lincoln 1936, and 
others) which had shown that many effective lubricants have oriented 
surface films had led to the widespread belief that such films acted them¬ 
selves by protecting the siufaces and were behaving much like two carpets 
sliding over each other with their piles Ijnng flat at the place of actual 
contact. The X-ray evidence even showed that in some cases the oriented 
layers were hundreds of molecules thick, although it appears quite certain 
that under severe conditions none but the first layer is bound to the sub¬ 
strate with forces strong enough to withstand the great shearing stresses 
to which such layers are submitted under sliding conditions. 

The monomolecular layer, however, extends into space far less than the 
irregularities of even the best machined metal surfaces. Since such surfaces 
carry the load on isolated spots only, the actual pressures at these spots 
are so high that not even the first monomolecular layer can be expected 
to withstand the forces which prevail when the surfaces slide over each 
other. Furthermore, the high temperatures expected at the local points 
of contact will cause decomposition of the molecules caught under them, 
and the atoms of the polar groups (oxygen, etc.) will react with the metal 
and form a high melting corrosion product. It is clear that under these 
conditions the wedging effect will not operate. If, however, the surfaces 
are highly polished, that is if the load is distributed evenly over the 
apparent surface of contact, sliding can take place without immediate 
disruption of the surface film. Under these conditions the^ wedging effect 
will occur and it is evident that the full benefit of this effect can be expected 
only if the surfaces are initially brought into a high state of polish and are 
maintained in this state under operation. Most of the friction reducing 
polar compounds are themselves not able to produce or to maintain such 
a state anH have therefore in most cases failed to be effective wear- 
prevention agents. 

In Part 11 of this series addition agents will be discussed which have the 
ability to polish the metal surface and to maintain the polish. This class 
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of compound*, which evidently i* more important, acts through a meohanism 
totally different from the action of long-chain polar compounds, but it will 
be shown that the latter compounds, if introduced with polishing agents, 
are able to reduce wear by at least a factor of two. 

It is a pleasure to acknowledge the interest of the directors of the Shell 
Development Company, especially of Dr E. C. Williams, in this work. 


Bbfbbbnoes 

Amontons 1699 Mim. Acad. Roy. 8e%. Porta, p. 206. 

Boerla^ and Blok 1937 Enffineering, 144, 1. 

Bowdon and Hughes 1937 Proe. Roy. Soe., A, 160, 676. 

- 1939 Proe. Roy. Soe. A, 172, 263. 

Bowden and Loben 1939 Proe. Roy. Soe, A, 169, 371. 

Bowden and Ridler 1936 Proe. Roy. Soe. A, 154, 640. 

Bowden and Tabor 1939 Proe. Roy. Soe. A, 169, SOI. 

Clark, Sterrett and Lincoln 1936 Induatr. Bngtig. Chom. 28, 1318. 
Oermer 1935 Rev. Set, Ittabrum. 6, 138. 

Germer and Storks 1939 Phya. Rev. 56, 648. 

Qivena 1939 Indiutr. Ertgng. Ghent. 31, 1196, 

Langmuir 1934 Franklin Inat. 218, 143. 

Munson 1934 Phil. Mag. 17, 201. 



On the mechanism of boundary lubrication 
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[PUtes 6 . 6] 

If two metal suHaoee slide over each other in the presence of a lubricant 
and tmder high load, high preesuree and tomperaturee prevail at those isolated 
spots which actuidly carry the load, leading to wear and possibly to 
breakdown. 

The action of wear preventing agents tmder those conditions has been 
studied in detail and it has been found that such agents are effective through 
their chemical polishing action, by which the load becomes distributed over 
a larger surface and local pressures and temperatures are decreased. 
Especially effective are compounds containing phoephonis or other 
elements of group V of the periodio system. These have boon found to 
form a metal phosphide or homolog on the surface which is able to alloy 
with the metal surface, lowering its melting pomt markedly, and by this 
action aiding greatly in maintaining a polish. 

The wear experiments were earned out with a highly sensitive and 
accurate method which uses metal-plated steel balls as its sliduig elements. 
Under the experimental conditions additions of 1-0 % triphenyl phosphine 
or tnphenyl arsine in white oil gave wear prevention factors of 7-2 and 
12-2 respectively (relative to pure white oil). A further addition of 1 % of 
a long chain polar compound is able to double the wear prevention factor 
obtamed with the polishing agents and wear prevention factors as high as 
17*0 have been observed, l^e specifically physical action of the long-cbam 
polar compounds is discussed in tho preceding paper. 

1 . Introduction 

Engineering developments of the last ten years have called for lubrica¬ 
tion under more and more severe conditions both with respect to tempera¬ 
ture and pressure. These demands have been met, up to the present, by the 
purely empirical method of adding small amounts of certain chemicals to 
the oil in order to impart certain desired properties. One of the most 
important of these properties is the prevention of wear and in extreme 
oases of seizure and breakdown. Excessive wear, if truly mechanical, will 
in all oases eventually lead to seizure unless the welding of the surfaces is 
prevented by anti-welding agents, which of necessity are corrosive in order 
to create non-metallic bodies between the surfaces. Such remedy will prevent 
[ 103 ] 
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seizure but will add * corrosive wear ’ to the meoluuiioal vrear after the latter 
has caused a sufficient temperature increase to bring about rapid corrosion. 
Anti-welding agents are often corrosive even at room temperature. 

It has already been pointed out in Part I that under severe conditions 
of high pressure (which may be intentional as well as accidental) no truly 
fluid film of the lubricant will exist between the sliding surfaces, and the 
term of ‘boundary lubrication ’ has been widely adopted for this condition. 
Boundary or non-hydrodynamic lubrication is, therefore, readily dis¬ 
tinguished from fluid film or hydrodynamic lubrication, which takes place 
under maintenance of an oil film of sufficient thickness that hydrodynamic 
properties such as viscosity are the sole characterizations necessary. Under 
these conditions no frictional wear takes place. From the scientific stand¬ 
point boundary lubrication is a very elusive and complicated problem, and 
it is apparently for this reason that practical investigators have tried, 
almost at random, thousands of oompoimds for imparting to a given oil 
properties which, under boundary conditions, would prevent wear of the 
sliding surfaces. Almost as many positive claims have been made for wear-, 
preventing compounds, although no clear understanding of the mechanism 
has been CKshieved in any of these cases. 

Although sliding friction and mechanical wear are logically closely con¬ 
nected, no significant correlation is found between the coefficients of 
friction and wear with various oils with and without addition agents. 
Under moderate conditions the coefficient of boundary friction varies but 
little with pressure, temperature, and material of both the lubricant and 
the surfaces. The reason for this lies in the fact that wear takes place 
momentarily at isolated spots, which are small compared to the whole 
surface, and that, although these isolated spots must exhibit a higher 
coefficient of friction at the moment of abrasion, the resulting change for 
the whole system is too small to affect the over-all coefficient of friction 
unless refinements of the type of Bowden’s ‘stick-slip’ method are used. 

Wear is, however, an accumulative effect and, therefore, its measure¬ 
ment is always possible even if tike rate of wear is very low. The present 
investigation is based on wear measurements of great accuracy and 
simplicity. The conceptions arrived at and the mechanism present^ will 
be deduced and elucidated step by step. From the basic conception of a 
temperature selective chemical polishing agent we will proceed to a eutecHe 
theory of polish and wear prevention, and shall finally show that the use of 
long-chain polar compounds in conjunction with chemical polishing agents 
is highly effective, although long-chain polar compounds alone are of com¬ 
paratively little value from the standpoint of wear prevention. 
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The meohanum by which long-chain polar oompoonda help to prevent 
wear on highly polished anrfaoee has been diaouaaed in Part I (preceding 
this paper) in detail from the standpoint of the coefficient of friction and 
surfaoe film orientation. 

Among the many wear-preventing agents mentioned in the literature 
trioresyl phosphate is very effective and has been widely used. It is for this 
reason that a detailed study of its action was made the starting-point of 
this investigation, which finally has led to a mechanism of wecur prevention 
in no way limited to this material, but including several large groups of 
compounds. 

2. ApPAEATtrS 

For the wear measurements the motor-driven modification of the 
Boerlage four-ball apparatus (Boerlage and Blok 1937) was used, which is 
described in detail in Part I, section 2 (6), (e). 

Wear measurements may be made either by measuring the wear spot 
diameters on the stationary lower balls or by actual measurement of the 
quantity of abraded iron in the oil. The former method is not very accurate 
and applicable only if time is allowed for sufficient material to be abraded, 
so that the roughness of the surface has little influence on the measure¬ 
ments. But even then the unavoidable change in pressure and pressure 
distribution over the wear spot makes correlation of the measurements 
difficult. A third method which proved extremely sensitive and repro¬ 
ducible consisted in electrolytioally plating the steel balls with a very even 
thin layer of the metal to be investigated, and to run the plated balls in 
the wear apparatus until the track on the upper rotating ball was worn 
through to the steel. The time elapsed could be measured very accurately 
and was found to be reproducible within 1%. 

A few experiments were carried out by pressing a metal rod or block 
against a rotating steel disk. 

3. Wbae bxpbrimbnts with twoeesyl phosphate 

ON STKBL SITKFAOBS 

The experiments consisted in running the four-ball wear apparatus with 
J in. steel balls in solutions of tricresyl phosphate in white oil* for 2 hr. 

• White Mineral Od U.S.P.: 

Viscosity at 100" F 349-S 8.U.8. 

210" F 61-0 S.U.8. 

Viscosity index 65 

Density at 60“ F 0"8878 
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at 14*4 kg. load and determining the wear-apot diameters and qnantitiee 
of abraded iron. The data obtained are shown in figure 1. 

These results show clearly that the measurement of wear-spot diameters 
is too insensitive for small amounts of wear. In this particular case there 
is not even a deviation beyond the experimental error from the theoretical 
diameter of the contact area of 0-0164 cm., which may be calculated firom 
the elastic properties of the steel and the geometrical set-up of the four balls 
(Timoshenko 1934). The chemical method, however, shows the important 



Figobb 1 

result that there is an optimtim concentration of about 1-6% of tricresyl 
phosphate for which the wear is a minimum under the given conditions. The 
numerical wear decrease is very considerable and, as seen in figure 1, the 
addition of 1-6% tricresyl phosphate to white oil causes a wear reduction 
to 20% of the original value. We may express this by simply stating that 
the new combination has a ‘ wear reduction factor ’ 6. This term will be used 
throughout this paper. 

4. ThB OONOKPT of a TBMPBRATURB SBLEOnVB FOLISHINO 
AOBNT AND ITS BXFBBIMENTAL VBEIFICATION 
The finding of a pronounced wear minimum for the addition of tricresyl 
phosphate, together with the fact that pure tricresyl phosphate showed 
excessively high wear, suggested at once that this material acted by 
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oorrodve action rather than by protective action. It is well known that 
the moet carefully machined metal parte have a microecopio roughness and 
that, if two such surfaces are pressed against each other, the load is not 
uniformly distributed over the entire area of geometrical contact, but is 
carried on a number of isolated points. Bowden and collaborators have 
verified this in a series of beautiful experiments, and have shown that for 
steel surfaces the actual area of contact may be less than one ten-thousandth 
of the apparent area. This varies, of course, with the pressure. 

It is evident, then, that if such surfaces slide over each other, the 
enormous pressure at the isolated points of contact will produce ex¬ 
cessively high temperatures (see also Bowden and Ridler (1936) and Blok 
(1937)) at local spots followed by welding and tear and general roughening 
of the surfaces leading to higher and higher temperatures of the bulk of the 
metal and ultimately to seuure and breakdown. It is evident, too, that 
under such conditions adsorbed layers of, for instance, long-chain polar 
molecules, cannot possibly give enough protection, since the high pressures 
and temperatures at the isolated spots will destroy such a film instantly. 
But it is clear, on the other hand, that if the load were distribute 
better over the apparent surface, less severe conditions of pressure and 
temperature would prevail. In other words, if the surfaces were highly 
polished and could be maintained at a high polish, wear would de¬ 
crease or even disappear, since the thin layer of lubricant molecules 
will withstand more easily the lower pressure and temperature without 
breakdown.* 

The same general considerations will also hold if the load is so high that 
plastic deformation occurs. The extreme case would be that in which 
through plastic deformation the SMjtual surface of contact approaches the 
apparent surface of contact. This is, undoubtedly, the case in the experi¬ 
ments with copper- and gold-plated steel balls which will be described 
later. Although in these cases the load is carried from the beginning by a 
larger surface and the extreme pressures at local spots will not be so high, 
the surfaces of contact will still be irregular although they may conform 
better. If, therefore, a tangential force is applied (sliding conditions), local 
pressures much higher than the normal pressure will occur, and those 
pressures will only disappear after the sliding surfaces have been worn 
plane or at least conform perfectly in the direction of sliding. 

* In foot, Witte (1935) has described a journal bearing, the babbit metal of which 
was sprayed on to the suifaoe under a large centrifugal force. The babbit metal layer 
was only 0-1 imn. thick and was a pierfect mirror surface. Such bearing showed 
surprisingly good properties in rigorous wear tests. 
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It was auapeoted, therefore, that trioreayl phosphate waa helping to oanae 
and to maintain a higher polish of the aorfooe by preforentaally corroding 
away the isolated spots, since these are, as we have seen, initially at the 
highest temperature. As soon as the high points are smoothed off, the load 
will be disMbuted over a much larger surface, and consequently the 
temperature will decrease which in turn will make trioresyl phosphate less 
effective. 

In figure 2 are shown corrosion experiments which clearly support this 
view, and which completely explain the occurrence of the wear minimum 



Fioube 2. Corroaion of stool balls by solutions of trioresyl 
phosphate in white mineral oil. 

in figure 1 by simultaneous corrosion and polishing action. At low con¬ 
centrations the lack of polish causes mechanical wear, and at high concen¬ 
tration corrosive wear becomes predominant; in between is the region of 
temperature selective chemical polishing action. 

The importance both of temperature and of truly chemical action has 
been demonstrated separately and conclusively with two further series of 
experiments. 

The first series was carried out by pressing a weighted steel pin (2 mm. 
in diameter) against a flat rotating horizontal steel disk. The load applied 
was 10'3 kg. and the sliding velocity was 794 cm./sec. In these experiments 
the disk was kept running for 2 hr. with a continuous flow of oil over its 
surface. An oil with and without 1*6% trioresyl phosphate was used. The 
results are shown in figure 3 (plate 6). The pin that was lubricated with 
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oil oontaining trioreeyl phosphate was highly polished on part of its 
oross-seotion (it evidently had been sliding on this part only) and the 
original oareftilly maohin^ shape was nnaffeoted. The pin which Jiad been 
lubricated with the straight oil only was peened over at its end to a clearly 
visible mushroom-like shape. In l^th oases the actual wear could not be 
detected by weighing the pins. However, in the case without tricresyl 
phosphate, the temperature must have been raised high enough to cause 
plastic flow of the mild-steel pin. The extraordinary roughness of t.bia gur* 
face shows that this flow did occur in crystalline boundaries rather than in 
the crystallites themselves, showing that plastic flow in itself is not able to 
produce a polish. This proves conclusively that, in case of the addition 
agent, the temperature stayed very much lower because of better distribu¬ 
tion of the load over the surface. 

The second series of experiments was designed to verify the correctness 
of the assumption of a chemical action without which no polish and, 
subsequently, no wear prevention could be obtained, if this concept is 
right. These experiments were made in the four-ball wear apparatus with 
gold-plated steel balls by the method described above. Since tricresyl 
phosphate cannot react with gold under the experimental conditions, it 
should have no influence on the time required to wear the gold plate 
through. The two photomicrographs in flgure 4 (plate 6) show the appear¬ 
ance of the wear track of the upper rotating ball after the underlying steel 
surface had just broken through. The time required was 97 min. Both 
experiments were made with the same set of balls, which were merely 
shifted in their holders to use new surfaces. Thus equal thickness was 
guaranteed in both experiments. These experiments prove, therefore, con¬ 
clusively that tricresyl phosphate is efiective by its chemical action. Like¬ 
wise, the appearance of a tungsten pin pressed against the rotating steel 
disk was not influenced by tricresyl phosphate in agreement with the fact 
that tungsten was not even attacked in boiling tricresyl phosphate. 

For completeness it should be mentioned that steel balls when heated 
for a few minutes in tricresyl phosphate or its solution in white oil become 
coated with a smooth uniform fllm that often shows bright interference 
colours. Observations on these films have shown that they are probably 
formed through catalytic action of traces of phosphoric acid at the metal 
surface, and that they consist of resinous material incapable of resisting 
any greater shearing stress. Their prwaence is merely incidental and without 
influence on the mechanism of wear prevention. 
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6. COMPABATIVE BATES OF WEAB W IT H TBIOBESTL PHOSPHATE, 
DIBENZYI. DISTTLPHIDE, AND LONO-OHAIN POLAB COMPOUNDS 

The great sensitivity and reproducibility of the method employed with 
gold-plated steel balls made it desirable to use this method whenever 
possible. Platings of almost all metals could be obtained, but their 
mechanical properties were not always suitable. Excellent platings were 
obtained with copper and, since experiments with this material have led 
to a satisfactory generalization of the mechanism of wear prevention pre¬ 
sented, most of the following experiments were carried out with copper- 
plated balls in the four-ball apparatus. All experiments were made with 
reference to runs with white oil on each set of balls, and could easily be 
compared. Our wear-reduction factor became then simply the ratio of the 
time for the copper plate to be worn through with the oil containing the 
addition agent to the time for the same plate to be worn through with 
white oil alone. The time for the plate to wear through without aiddition 
agents was usually from 30 to 60 min. with a load of 2-2 kg. running at 
120 r.p.m. and using ^ in. balls. 

A comparison of the wear-reduction factor for five specially chosen 
compounds is given in table 1. It is seen that the wear reduction factor for 
trioresyl phosphate on copper is close to the factor five found for steel. The 
optimum wear-prevention factor of dibenzyl disulphide,* however, is only 
2*5, indicating that the particular type of corrosion is of great importance 
and requires further study. Long-chain polar compounds* are relatively 
inefiective under the same conditions, and it seems that oleic acid and 
stearone are superior to copper oleate by their oorrosivenees towards copper 
at the high temperatures of the actual points of contact. 

It was observed that the wear track was particularly bright and highly 
polished after running with tricrosyl phosphate, but in all other casra was 
relatively dull and streaked. 

6. The eutectic tueobt 

In studying the comparative chemistry of sulphur and phosphorus, one 
is immediately struck by the alloy-like character of the metal phosphides. 
Thoir compositions are somewhat indefinite and are not determined by the 
valence of the metal. The com|M)sitions of the sulphides, on the other hand, 
are strictly determined by valence. 

* Dibnnzyl disulphide (see also figure 6) and the long-cham polar compounds do 
not show a pronounced wear minimum, their efiieot being independent of eonoentra- 
tion over a wide range from a few tenths of one per cent to several per cent. 
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The litwatvire alao shows that in the equilibrium dia grainn of iron, copper, 
and nickel with phosphorus sharp eutectics at rather low concentrations of 
phosphorus are to be found. In the case of iron, the eutectic mixture 
contains 10-2% phosphorus and has a melting-point of 1020° C, 616° below 
that of iron. The solid phases present are Fe and FegP. In the iron-carbon- 
phosphorus S 3 r 8 tem there is a ternary eutectic at 062° C having the com¬ 
position 10% phosphorus, 3*6% carbon, and 86-6% iron. In the case of 
copper, the eutectic mixture contains 8*27% phosphorus and melts at 
707° C, 376° below that of copper. The solid phases present are Cu and 
CujP. 

It is further known that heating together phosphates or phosphoric acid, 
a metal, such as iron or copper, and carbon gives the metal phosphide as 
the principal product. This was verified by refiuxing iron powder with 
tricresyl phosphate and identifying the iron phosphide formed by its rapid 
decomposition by dilute acid accompanied by copious evolution of 
phosphine. 

Table 1. Compabativb bates of wbab for solutions of tricbesyl 

PHOSPHATE, DIBENZYL DI8ULPHIDB, AND LONO-CHAIN POLAR COMPOUNDS 
IN WHITE OIL. WeABINO OF OOPPEB-PLATED BALLS ON THE FOUR-BALL 
WEAR APPARATUS 

2*2 kg. load. 120 r.pjn. 

Wear reduction 


No. Material added to white oil factor 

1 1'6% tricreayl pboaphate 6-4 

2 1’6% dibenzyl dtsulphidu 2-6 

3 1'0% oleic acid 1-4 

4 Stearone (saturated solution) 1-4 

6 1’0% copper oleote I’l 


From these facts, the occurrence of an effect peculiar to phosphorus and 
not to sulphur can be deduced. This is the formation, by corrosive action 
and subsequent reduction by carbon, of a metal phosphide. The phosphide, 
being metallic in nature, alloys with the metal surface, lowering its melting- 
point markedly, and aiding greatly in maintaining a polish (Bowden and 
Hughes 1937 ). The lowering of the melting-})oint was easily demonstrated 
by heating a phosphide-coated copjier surface until the melting of the 
surface was easily seen. A similar reduction of the melting-}X)int by sulphur 
or chlorine on an iron or copper surface is not possible. 

In view of this new picture of the action of tricresyl phosphate it is 
evident that there is no reason for using phosphorus in the form of phos¬ 
phates ; instead, it might be better to use it as a phosphide, thus eliminating 
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the step involving the ledaotdon from phosf^te to phosphide. It also 
should be posdble by aid of existing phase equilibrium data to propose 
other elements for addition agents (see also table 6). 

Such a selection has been made and experiments with oil-soluble sub¬ 
stances containing such elements are presented in table 2, In most oases 
1*6% of the material was added to white oil, and it is shown in figure 5 that 

Table 2. Compabativb rates or wear for solutions or various 

COKPOUNDS IN WHITE OIL. WbaRINO OP CX>PPER-FLATEI} BALLS ON 
THE FOUR-BALL WEAR APPARATUS 


2 2 kg. load. 120 r.p.m. 

Wear reduction 


Material added to white oil fisuitor 

1*6% triphenyl phosphine 7*2 

1*8% triphenyl arsine 12-2 

1*8% triphenyl arsenite 0-0 

1*8% triphenyl stibine 3-0 

1*2% tetrabenzyl silicon 3-2 

1*8% tetraphenyl Bihcon (130* C) 1*8 

1*8% tnphenyl phosphine sulphide 1*0 

Saturated triphenyl methoxy phosphorus 6-8 

dichlonde 

Phosphonitrilic chloride (PNCI|b 


this is in fact approximately the concentration to obtain minimum wear 
not only for tricresyl phosphate but also for the two most effective sub¬ 
stances, triphenyl phosphine and triphenyl arsine. The following points are 
of particular interest; 

(1) Triphenyl phosphine is more effective than tricresyl phosphate. (The 
respective wear-reduction factors are 7*2 and 6*4.) 

(2) Triphenyl arsine is better than any other compound investigated. 

(3) A chemical disturbance may completely nullify the polishing action 
as is shown by the result with triphenyl phosphine sulphide. Evidently a 
non-corrosive, non-entectio-forming reaction takes place with this addition 
agent. 

The wear preventing action shown by triphenyl phosphine and triphenyl 
axrine indicates the predominating influence of the alloy formation. In this 
ease the possibility of corrosion by strong acid is very remote. Since the 
elements are already in their lowest valences, alloy formation proceeds 
directly. This shows that the form in which an element, capable of redncilig 
wear according to the mechanism described above, is used, is not of great 
importance as long as it is able to react with the surface in the desired way. 
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Fiuujik 3. SUkiI pnis Hliiling on rotating iIihIc Iiibricrtk«l witli wliito ml 

+ 1 5% tncrosyl phutipiiato. Right, lubncatod with whito oil only. 
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Ji'uiUHK 4. Woar trockrt of gold-platctl hUm'1 IwHh UpjXT truck. lubricuU-d with 
wliitc oil+l 5% tricrosyl pliouphatu. Lower truck: lubncutod with white oil 
only. 
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The lact two ocnaponnds in the table do not oontradiot the proposed 
meohanism although they contain chlorine. It is known that both are very 
stable toward hydrolysis with the liberation of hydrochloric acid. The 
phoephonitrOic chloride polymer is also stable with respect to thermal 
decomposition. The triphenyl methoxy phosphorus dichloride decomposes 
on heating, but the products obtained are not well known. 



According to the theory an entirely different behaviour should be 
expected for tin. Here the tin phosphide, which is easily formed, alloys 
with tin to form a compound of higher melting-point than tin. This should 
raise the temperature of the sliding surfaces and inhibit the polishing effect. 
The wear should be large. In fact, a tin block pressed against the rotating 
steel disk wore approximately four times as fast with 1*5% tricresyl 
phosphate in white oil than with white oil alone. 

This is probably the reason for the ineffectiveness of tricresyl phosphate 
with bronze balls containing tin, while the wear of brass balls containing 
zinc was effectively reduced. 


Vol. 177- A. 
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This also shows that it is not possible to speak pxedsely of wear pre¬ 
venting addition agents without specifying the metals for which they are 
suitable. 


7. LoNO-CHAIX polar OOHPOUNDS IK COIfBIKATION 
WITH OHBMIOAL FOLISHIKa AOBKTS 

The complete isolation of boimdary lubrication is not always easy, since 
any sliding mechanism in motion seems to show fluid film lubrication to 
some degree. This fluid film lubrication, however, completely disappears 
for surfaces sliding under high pressure at very low velocities. A careful 
study has been made in these laboratones (see Part 1, preceding this paper) 
of the relations between friction, sliding velocity, lubricant, and nature of 
the surface. It was found that the transition from boundary lubrication 
to a state of ‘quasi-hydrodynamic’ lubrication could be induced or 
promoted by the addition of certain polar compounds. The ‘ wedging effect ’ 
of these oomx>ounds consists of the easy formation of exceptionally thick 
lubricant films under high pressures and relatively low sliding speeds. The 
state of quasi-hydrodynamio lubrication is characterized by low co¬ 
efficients of friction approaching those of hydrodynamic lubrication. The 
effect is most marked on highly polished surfaces. This suggested that the 
chemical polishing agents might produce surfaces on which long-chain 
polar compounds would show a high activity and would reduce wear still 
further. The following experiments have verified this view beyond 
expectation. 


Table 3. Rates of wteab for combikatioks of chemical polishiko 

AOBKTS WITH LOKO-CHAIK POLAR COMPOT7KDS. WbARINO OF COPPER- 
PLATED BALLS IN THE FOUR-BALL WEAR APPARATUS 


2 2 kg. load. 120 r.p.m. 
Matericd added to white oil 


Wear reduction 
factor 


l-6% tricresyl phosphate +1*0% oleic acid 10-8 

l-6% tnoresyl phoaphate-(-1-0% copper oloate 10-8 

1'6% tncresyl phosphate-I-stearone (saturated solution) 8-6 

l-8% tricresyl phosphate-I-1'0% mesityl heptadeoyl 10-4 

1-6% triphenyl phoephine +1% tnstearin 14-2 

1-5% triphenyl arsine-f-1*0% oleic acid 2*4 

1*6% tnphenyl arsine + 1*0% mesityl heptadeoyl ketone 17-6 

1*6% tnphenyl arsenite -H % mesityl heptadeoyl ketone 7*2 

1*6% dibenzyl disulphide-H 1*0% meutyl heptadeoyl 3*4 

ketone 

1*6% dibenzyl disulphide +1 0% oleic acid 2*2 
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Table 3 shows wear-reduction factors for various chemical polishing 
agents in combination with long-chain polar compounds, including also 
some un&vourable combinations. 

The effect of polar compounds in combination with tricresyl phosphate 
and triphenyl phosphine is most striking. The combinations are about 
twenty times as effective as the polar compound alone and twice as 
effective as either polishing agent alozw. In the case of triphenyl arsine, 
the addition of 1% of mesityl heptadecyl ketone increased the wear- 
prevention factor from 12-2 to 17‘0. 

In the oases where dibenzyl disulphide was used, the polar compotmds 
are of little effect which shows independently that this compound exerts 
only a mild polishing action. 


8. Unfavourablb dohbikatioks 

Table 3 shows that the combination of triphenyl arsine and oleic acid is 
very unfavourable while the combination of tricresyl phosphate and oleic 
acid is very effective. It seems difficult at this stage to explain these facts 
satisfactorily. We must remember, however, that compounds of the type of 
triphenyl phosphine or triphenyl arsine oxidize easily and that the oxida¬ 
tion products are relatively oil-insoluble in contrast to the readily oil- 
soluble tricresyl phosphate. It seems possible, therefore, that a reaction 
between oleic acid and triphenyl arsine or phosphine at the sliding surfaces 
renders the metals unavailable for the phosphide or arsenide formations, 
although this effect may also be produced by a preferential strong adsorp¬ 
tion of oleic acid on the surface. In the case of tricresyl phosphate, however, 
small amounts of phosphoric acid may be formed at the higher temperature 
between the sliding suriaces and the phosphoric acid may be able to replace 
the oleic acid, thus permitting the surface alloy to form. But there may be 
still other possibilities of explaining the observed fact. In general, strong 
oxidizing materials containing oxygen, sulphur or the halogens ue detri¬ 
mental to the action of chemical xiolishing agents, as shown in table 4. 


9. TaBLBS to aid IK THE SYSTEMATIC SEARCH FOR 
CHEMICAL POL18HIKO AO BETS 

A survey was made of binary systems involving metals and semi-metallic 
elements that have the properties required by the mechanism outlined in 
this report. The data given were taken largely from the International 
Criticai T<Mea, exceptions being noted. The systems are classified with 

8-a 
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TaBLB 4. COMBnTATIONS OK OOMPOUNDS UNKAVOUBABLl TO WEAR PRK- 
VBKTIOR. COPPSB KLATK WBAB TESTS. SOLVBET: WHITS MIHSBAL OIL 


Chemical poliahing agent Wear reduction 

1'8% by wt. Added compound 1% by wt. factor 

Tricreayl phosphate None 0-4 

Chlorinated cracked wax 2-4 

a-Bromo ateanc acid 0-9 

Oleic acid and dibenzyl disulphide 2-4 

Beneoyl peroxide 1-8 

Tnphenyl phosphine None 7-2 

Castor oil 6*0 

Fatty acids from castor oil 6*0 

a-Bromo steanc acid 1*8 

Oleic acid 6*0 

Triphenyl arsine None 12*2 

Steanc acid 4*3 

Oleic acid 2*4 

Fatty acids from castor oil 4*3 


respect to the semi-metallio element. The information tabulated consists 
of the melting-point lowering due to the eutectic, its ultimate composition, 
and the solid phases present. The data are given in table 6. 

With the exception of boron, the elements known to have the desired 
properties belong to groups IV and V of the periodic system. 

The data for systems with phosphorus are somewhat meagre, but one 
may expect by ansdogy that phosphorus will probably be similar in be¬ 
haviour to arsenic and antimony. Little is known of the wear preventing 
properties of the group IV elements. 

10. CONCLITDINO BBHABKS 

In view of the fact that earlier investigators have tested large numbers 
of substances added in small proporrions to mineral oil without being able 
to put forward a common characteristic as the cause of their behaviour, 
it is not at all surprising that the present investigation has revealed rather 
complex relations between the chemical and the physical aspects of 
boundary lubncation. However, the successful segregation of addition 
eigents into chemical ^lishing agents and wedging materials at once makes 
these relations much clearer. The vague terms ‘ oiliness ’ and ‘ film strength ’ 
have lost their significance. A distinct differentiation between wear pre¬ 
venting agents and agents for extreme conditions is now possible. A wear 
prevention agent reduces pressure ami temperature through better distri¬ 
bution of the load over the apparent surface. If the resulting minimum 
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TabiiB S. Mm/riKa-PoiNT iiOwnaiKoa, butbotio oohposition, and soud 

DHASBS IN BX7TBOTIO BHITUBB BOB BINABY SYSTBMS OF MBTAI. AND 




Melting- 





pomt 


Solid phases 



lowering, 

Euteotio 

m euteotio 

Semi-metaUio element 

Metal 

“C 

oompoaition 

mixture 

Systems oontaining As 

Ag 

423 

20% As 

Ag, As 


Au 

400 

27% As 

Au, T 


Co 

584 

80% As 

Co, Co^Ast 


Cu 

395 

21% As 

Cu, CuoAb 


Mn 

330 

22% As 

Mn, Mn^As 


Pt 

1152 

1-8% As 

Pt, PtfAs, 


Fe 

700 

80% As 

(Fe, As), Fe*As 

Systems oontaming Sb 

Ag 

402 

28% Sb 

Ag.Ag^b 


Au 

695 

25% Sb 

Au, AuSbt 


Cu 

449 

28% Sb 

Cu. Cu^b, 


Ni 

355 

35% Sb 

Ni, NuSb 


Pt 

1001 

23% Sb 

Pt, Pt^b, 


Pe 

533 

60-6% Sb 

Fe, Fe,Sb| 


Co 

410 

39% Sb 

Co, CoSb 

Systems oontaining P 

Ni 

570 

11% P 

Ni,Ni,P 


Pe 

515 

10 20/0 P 

Fe, Pe,P 


Cu 

876 

8-30/0 P 

Cu, CujP 

Systems oontaming Si 

Ag 

133 

l-80/o 81 

Ag, (Ag, 81) 


Au 

693 

0% 

Au, Si 


Co 

285 

I6O/0 81 

Co, Co,Si 


Cu 

283 

8-6% Si 

— 


Ni 

295 

10% 81 

Ni, Ni^i 


Fe 

330 

2OO/0 81 

Fe, FeSi 


Ni 

310 

0-40/0 B 

Ni, Ni,B 


Fe 

370 

3 50/0 B 

Fe, Fe,B 

» » Ti 

Fe 

205 

130/0 Ti 

Fe, FeTi 

>. .. Oe* 

Cu 

433 

36% Ge 

— 

„ „ Zrt 

Fe 

206 

I60/0 Zr 

Fe, FeZr, 


* Sohwarz and Ebtner (1934). f Vogel and Tonn (1931). 


pressure is still too high for the maintenance of a stable oil film, metal to 
metal oontaot will take plaoe in spite of the high polish. Since in this case 
the surface of actual contact is relatively very large, seizure and break* 
down will follow very rapidly. An extreme pressure addition agent should, 
therefore, be corrosive in the sense of preventing any polishing action. This 
will be the case if the reaction product has anti-welding properties, i.e. if 
its melting-point is high and if it does not form low melting alloy with the 
metal below. This shows that good wear preventing agents can never be 
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good extreme preMoie agents, and conversely, agents capable of pieventing 
aeiznie under extreme oonditions will generally not be able to reduce wear. 
These deductions are in good agreement with the observed facts. 
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On the electromagnetic two-body problem 

By J. L. SmoB 

Department of Applied Maihematiea, University of Toronto 
(Communicated by E. T. Whittaker, F.R.8.—Received W July 1940) 

The paper oontaina a direct attack on the eleotromagnetio two-body 
problem, baaed on the hypothoeoa (i) that the bodies are partioles, (ii) that 
the fields are given by the retarded potential, (lii) that the force on a particle 
u the Lorentz ponderomotive force (without a radiation term). A method 
of successive approximation leading to w exact solution is outlined. 
General expressions are found for the rates of change of invariant quantitiea 
which are the constants of energy and angular momentum m the Kepler 
problem, and formulae are developed for the principal parte of these ex¬ 
pressions m the case where the ratio of the masses of the two partioles is 
small. This is applied in detail to the case where the orbit of the light pcurtiole 
is approximately circular. It is found that energy disappears from the 
motion, so that the orbital particle slowly spirals in, but the rate at which 
this occurs is much less than that given by the usual formula for radiation 
from im accelerated electron. Except in some final calculations, no assump¬ 
tion of small velocity is Aiade, the sole basis of approximation being the 
smallness of the mass-ratio. 


1. Ibtboduotioit 

The present paper is olassioal in the sense that it does not refer to quantum 
meohanios, but it is relativistic in the sense of the special theory. Its purpose 
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is to inTMtigate the motion of two charged particles under the following 
hypotheses: 

(i) The psrtides ate mathematical points with no size. 

(ii) The electromagnetio field due to a moving charge is that given by the 
usual retarded potential ( 2 * 6 ). 

(iii) A charged particle moves in accordance with the relativistic equations 
of motion ( 2 * 8 ) based on the Lorentz ponderomotive force (without a 
‘radiation term'). 

These hypotheses are logically consistent. Whatever their physical 
validity may be, they lead to a mathematically determinate motion corre¬ 
sponding to assigned initial conditions. It is perhaps necessary to insist on 
their logical consistency, because there appears to be an opinion that it is 
necessary to supplement the equations of motion with a radiation term, 
involving the rate of change of acceleration. The arguments in this con¬ 
nexion do not show any intrinsio inconsistenoy in the three hypotheses 
stated, but only an inconsistenoy between these hypotheses and the law 
of conservation of energy, assuming that the energy in the field may be 
represented by the usual form of energy-tensor. 

It is hoped in a later paper to discuss this question of the conservation of 
energy with some care, in connexion with a modified definition of the 
energy-tensor which avoids any inconsistency between the three hypotheses 
stated above and the law of conservation. For the present my purpose is 
merely to insist on the intrinsio logical oonsistenoy of the above hypotheses, 
and to discuss the motion determined by them. 

Darwin ( 1920 ) used these hypotheses, but assumed small velocitieB; he 
did not push his approximations beyond the order («/c)*, where u is the 
velocity of a particle and c the velocity of light. To this order, the motion 
does not degenerate, if the word ‘degeneracy’ may be used to imply that 
the particles spiral in to an ultimate collision. 

Sommerfeld ( 1934 ) placed no restriction on velocities, but confined him¬ 
self to the limit tn'jtn-^O, where m, m' are the masses of the particles. In 
&ct, he investigated the Kepler problem, in which one particle (by virtue 
of its great mass) is regarded as fixed. In this case also the morion does not 
degenerate. 

These being apparently the only previous investigations, it appeared 
desirable to push the approximations further in order to see whether de¬ 
generacy would appear. It does appear, at one stage beyond the approxima¬ 
tion of Darwin, and at one stage beyond the approximation of Sommerfeld. 

A general method of successive approximations is set up. A relarivistically 
invariant energy is defined, and also a 4-vector of angular momentum; 
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general expieBaions for their rates of change are found. Then the argument 
beoomes approximate, the basis of approximation being the Hmallness of 
the mass-ratio m'/m. Except at the very end of the paper, no assumption 
is made regarding smallnees of velocities relative to the velocity of light. 

Detailed oalculationB of degeneracy are confined to the case of nearly 
drcular orbits. It is found that snc^ orbits remain nearly droular, and 
explicit expressions are found for the rate of degeneracy. The final approxi¬ 
mate equations (8*20), (8‘30) and (8*30), will perhaps appear most interesting 
from a physical standpoint. 

For discussions and criticisms during the writing of the paper, my thanks 
are due to Professor L. Infeld and Professor A. F. Stevenson. 


2. Notatioit and bquatioks ox Monox 
Space-time is r^arded as flat. Latin sufihxes have the range 1 , 2 , S, 4, 
and Greek the range 1, 2 , 3, with the usual summation convention. The 
space-time co-ordinates are x,, with » id, and the fundamental form is 
dx,dXf. This notation avoids the distinotion between oovaiiant and contra- 
variant components; all suffixes are written as subscripts. 

The scalar product of two vectors V^Wfis written 

{VW)^%Wr. (2-1) 

For a unit vector we have (VV) » ± 1 , ( 2 - 2 ) 

according as it is space-like or time-like. 

Quantities relating to one particle are left unaccented, and those relating 
to the other particle are accented. Thus; 

L, U = world-lines, 
m, m' » proper masses, 
e, e' = charges in e.s.u., 

= co-ordinates, 

A„ ^ - unit tangent vectors to world-lines, 
da, da’ = elements of proper time, 

"a velocities, 

y-* - 1 - tt'/c*, /-» - 1 - tt'Vc*. 

«* = »««.. 

We note that 


A,- 7 tt,/c, A 4 -<y; A;-y'</c, -»/. 


(2-3) 
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W.put k—^. (2-4) 

ft being dimenirionleBs and k having the dimensions of a length. These two 
constants oharaoterize anjr particular two-body problem, apart from initial 
conditions. 



Consider a charge e describing any curve L in space time (figure 1 ). Let 
A' be any event. Let A be the intersection of L with the null-cone drawn 
into the past fix>m A'\ let A, be the unit tangent vector to L at il, and let 
if be the null-vector AA'. Then, by hypothesis (ii), the field at A' due to L 
is given by the potential 4-veotor (Pauli 19 Z 0 ) 






(2-6) 


and the corresponding electromagnetic tensor is 




where 




( 2 - 6 ) 

(2-7) 


By hypothesis (iii), the world-line L' of a charge e', passing through A', 
satisfies the equations of motion 

ds' c* ” * 


^--*fP,(A'f)-g,(A'P)]. 


(2-8) 

(2-9) 
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If we regard L as assigned, (2-9) is a set of ordinary differential equations 
for the determination of U, and yields a definite curve U passing through 
an arbitrarily assigned event in an arbitrarily assigned direction. 

If we interchange the roles of the two world-lines and regardX' as assigned, 
we have with the notation of figure 2 the following equations of motion 
Ay 

^ ( 2 - 10 ) 

P'f being defined as in (2*7) with all letters accented. 

We note that /t, k are now the only constants appearing in (2*9) and 
(2*10), ft being absent from (2-9). 



Although (2'9), (2-10) are formal equations of motion, they do not form 
an ordinary system on account of the retardations involved in drawing the 
null-vectors they are in a sense difference equations, and this fact 
constitutes the great difficulty of the problem. Only when L is given can 
(2*9) be regarded as ordinary equations of motion for L\ and only when 
If' is given can (2*10) be r^^arded as ordinary equations of motion for L. 
But the fact that these equations can be so regarded under the stated con¬ 
ditions forms the basis of the method of successive approximations about to 
be described. 


3. A HETHOD OF SnOOBSSIYB AFPBOXIHATION8 
Let us suppose /t<l. (The smaller is, the more rapid the oonveigenoe of 
the process to be described.) Let A, A'he any two events in space-time, and 
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let {K)a‘ ^ time-like unit veoton arbitrarily aangned at these events 
(figure 8 ). Our purpose is to obtain world-lines L, L' for the two particles, 
such that (2-9), ( 2 ' 10 ) are satisfied and (as initial conditions) L is to pass 
through A with the direction (A,)^ and£' through A' with the direction (A^)^'. 

First, we put» 0 and choose as basic approximation for L the world¬ 
line Lq which passes through A in the direction (A,.)^ and satisfies ( 2 - 10 ) 
with the right-hand side replaced by zero. This means that Lg is a geodesic 
(the world-line of an infinitely massive particle). 



FniuRB S 


Secondly, we find L'^ to pass through A' with the direction (A^)j' and to 
satisfy (2'9), in which the field is taken to be that due to Lg. This means that 
Li is the orbit of the Kepler problem discussed by Sommerfeld ( 1934 ). 

Thirdly, we find to pass through A with the direction (A,)^ and to 
satisfy ( 2 - 10 ) in which the field is taken to be that due to Li. And so on. 

Thus we'get a sequence of world-lines, each defined by ordinary differential 
equations, the unaccented passing through A with the assigned.direction 
(Ar)^ and the accented through A' with the assigned direction (Ai)^-, derived 
from one another according to the scheme 

(3-1) 

To see how the convergence proceeds, we may indicate the order of the 
differences between the elements of Lg, L^ at the same value of a, measured 
firom A, by writing symbolically 

Li-Lg = 0(/t); (3-2) 

this is evident from (2* 10). Thus when we use (2-9) to determine L^, the 
field (due to Lj) will differ by 0(;{) from that (due to Lg) used in (2-9) to 
determine 14 . Hence Li-Li = 0(^). (3*3) 
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We may group {L^, L^) as the mto approximation, and (L^, L{) as the first 
approximation. 

To compare the elements of and L^, we have 


fcrL.: 

fori,: ^--^P'X-P'.SkK 

(3-4) 

and the right-hand sides difier by 0 (/t*). Hence symbolically 




(3-6) 

and similarly 

Z 4 -£J - 0 (/t»). 

(3-6) 

Generally 

- I'n-l = 0(/*"). K - K-t - 

(3-7) 


Thus, if ft < 1 , there is good reason to suppose that the process is conver¬ 
gent, and that the curves 

L = lim L„, L' = lim L'„ (3*8) 


exist and constitute a solution of ( 2 * 0 ), ( 2 ' 10 ); if so, L and L' will be the 
required world-lines for the two-body problem, under the assigned initial 
conditions at the events A, A\ 

4. ThB BELATIVB BNBBOT AJKD ITS R&TB OB OHANOB 

In this and the next section we give some formal developments, to be 
used later. The reasoning is exact, no approximations being used. L and 
L' (figure 4) are the world-lines of the two particles, satisfying the equations 
of motion. 

Let A be any event on L, ^ the null-vector drawn into the future firom 
A to intersect L' (at A'), and the unit tangent vectors at A, A' re¬ 
spectively. We define the energy of L' relative to L at A io he the invariant 

^--«t'c*[(AA')-^]. (4-1) 

k being defined as in (2-4). 

To link S with a well-known expression, we take for the moment axes in 
which the time-axis coincides with A,. Then 

A,-0, A 4 -*; (AA') = -/, (Ag)--r, (4-2) 

where r is the spatial distance between A and A'. Thus 

E - TOyc*+y , 
a familiar expression for energy. 


(4-3) 
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Reywting to general axes, we now differentiate E with respect to a, the 
arc-length of L. Denoting djda by a dot, we obtain 

E - -m'c*[(AA') + (AA')-H^,{(Ag).H(A|)}]. (4-4) 

Xow, if Xf are the co-ordinates of A and those of A', we have 

Sr*®r~*r> ir ^ K^’~ (^■®) 

and hence, since = 0, = 0, (4-6) 


we have 


(4-7) 



Fioobb 4 

By (2-9) 

K = -/fc[P,(A'£)-g,(A'P)]ffi. (AA') - -i.[{AP)(A'g)-(Ag){A'P)]^j. 

. (4-8 

But since (AA) -1, (AA) = 0, we have by (2-7) 


and hence 


AJso^by (4-C) and (4-7) we have 

(A^)»l + 


(A'£) 


(411) 
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On oubstituting from (4*10) (4*11) in (4*4) we find that all terms oanoel 
save those containing a derivative of A«, and we obtain the following result: 

I. In the Iwo-body problem, the rtUe of change of the energy of U rdativeio L 
ia given {unthout approximation) by the formula 

* = (<l*) 

where the dot aignifiea d/de and 

This result was suggested by the fact that in the Kepler problem is an 
integral of the motion. It may be interesting to note that for large c we have 
approximately from (2-3), (4*13), (4*12) 



Idtt. 

V iu du 


c» dt’ 


Q. 

« m’eug, 

Qt m im’e\ 

dE 


du. , , du 

dt 

» — m'tti 



(4*14) 


Th^ formulae are not used later. 

We shall now get rid of A„ from (4*12). Returning to figure 4, let us draw 
the nuU-oone from A into the pMt, cutting L' at A'. Let ^ be the null- 
vector A'A, and let be the unit tangent vector to L' at A’. Then, as in 
( 2 * 10 ), 

X,^-pk[P;m-^{AP’)l (4*16) 

where, as in (2*7), 




Substituting from (4*15) in (4*12) we obtain this result: 


II. The rate of change of the energy of U relative to Lai A, ia given {wiUunit 
approximation and without reference to the acceleration of L at A) by the 


formula 


E » uH, 




(4*17) 

where 

1 (Ag') 

(AT) 1 k 

1 

(A'A) 

(fA) • 

1 

H » m'c*k 

l(AP') 

(A'nr^iHA'i) 

(A|') 

(AT) 

m 

. (4*18) 


(AP') 

(A'P') 

(in . 

J 
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and Pi. it defined in (4'16), so that 

m 

(AA') 

[C] 

(A/-) 

(^•51 

(A'A') 

m 

(m 

4. 1 

l(^f) 

1^') 

m 

(m 


6. Th* RVIiATIVB ANOUIiAR HOMBKTDM AND 1T8 BATB OP OHANOB 

With the same oonatruotiou as in figure 4, we define the angular momentum 
of L' relative toLatAtohe the 4-vector 

where is the usual permutation symbol. 

To give hf a physical meaning, we take for the moment axes in which the 
time-axis coincides with A,., so tliat (4-2) hold. Then we find 

A, * A« = 0. (5-2) 

Since are the spatial co-ordinates of A' relative to .<4, we see that is 
the usual 3-veotor of angular momentum, m relativistic form through the 
inclusion of y'. This vector is conserved in the Kepler problem, and hence 
(as in the case of E) we expect to find for A,, an expression linear in A„. 
Reverting to general axes, we differentiate (5-1), obtaining 

A, - (6-3) 

the term with disappears, since by (4-6) it is linear in A,,, AJ,,. Substituting 
for A;^ from (4’8) and (2-7) and dropping terms which vanish, we obtain 


= -*er«n.£«.i’»A,(Ag) 


(5-4) 
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Substitution in (6‘3) gives this result: 

III. In the tvio-body problem, the rate of change of the angular momentum 
of U rdative to Lie given {without approximation) by the formula 

A, - S^k„, ( 6 ' 6 ) 

where the dot aignifiee dfda and ^ akew-aymmelric tensor 

- »Wc6^„f„[A:+^jA.]. (6-6) 

We note that = (6*7) 


Thus if we take for the moment axes in which the time-axis coincides with 
A,, we have . „ 

iRa* = K (5'8) 


Let us now convert (5‘6) into a form analogous to (4*17), depending on 
the elements of L' at A' and A’ (figure 4), and without reference to the 
acceleration of L at .A. 

Any vector may be resolved into components along four selected vectors 
(not all contained in a 3-flat); thus we may write 

K = A'K^B'K-\-G%+D'hJ ^ ‘ ’ 

Since, by (5*1), h^ is perpendicular to A,, A^ and we obtain 


(Ag') = DA*, (AP') - D'A», 

(A^') - A{AA)+B{Ah') + C{Ai), 
(A'D = A(A'A) + D(A'A')-I-C(A'£), 
{U') = A{iA) + B{gA') + C{ii), 
(AP') - A'(AA)-l-D'(AA')-»-C"(Ag), 
(A'P') = A'(A'A)-HP'(A'A')-l-C'(A'g), 
{^P')^A'{iA) + B'{iA') + C'{a). 


(ft* 10) 


These equations may be solved for A, B, C, A', B', C'; we note in particular 
that 

(A^') D' - (AP') D - A-«I ^ n 
l(AP') (AP')I 
(Af')A'-(AP')A --P/J, 

{Ai')B'-{AP')B^GIA, 


(5*11) 
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(AA') 

(A«) 

0 

0 

(AA') 

(Af) 

(AS') 

(AP') 

(A'A') 

(A'g) 

(A'S') 

(A'P') 

(«A') 

(U) 

(SS') 

(SP') 

(AA) 

(AS) 

0 

0 

(AA) 

(AS) 

(A^') 

(AP') 

(A'A) 

(A'S) 

(A'S') 

(A'P') 

m 

(SS) 

(SS') 

(^P') 1 

(AA) 

(AA') 

(AS) 


(A'A) 

(A'A') 

(A'S) 


(P) 

(SA') 

(SS) 



(5*12) 


When we aubstitute in (416) from (6-9), and then substitute (4-16) in 
(6-5), we obtain the following result: 

IV. The rale of change of l/te angular momtvMm, of L' relative to L at A 
M given (without approximation and without reference to the acceleration of 
Lot A) by the formula 


K 




(6-13) 


6. FiRST-ORIIBR approx fMATIONS FOB THK RATB8 OF CHANGE OF 
RELATIVE ENEBOV AND ANGULAR MOMENTUM 

So far the results given have been exact, l^et us now prepare for approxi¬ 
mations. 

We shall call world-lines (L, L') natural if they satisfy the equations of 
motion (2’9), (2-10). Let (L, U) be two world-lines, natural or uimatural. 
Let .d be a point on L, and A' the point where L' outs the future null-cone 
drawn from A. Let (A,.)^, (A')^> be the unit tangent vectors at A and A'. 
(The situation is as shown in figure 1, but now we do not necessarily think 
of the world-lines as natural.) '^e pair of points A, A', with the associated 
unit vectors (A,)^, (A^)^', we shall call a atate of the system. The complete 
world-lines (L, L’) may be regarded as a single infinity of states, each state 


Vol 177. A. 



130 J. L. Synge 

oonespondiiig to a definite point A on L, and therefore to a definite value of 
the proper time a of L. 

If (L, L') are natural, then (ae seen in (3)) a single state determines the 
world-lines. 

A state is determined by thirteen numbers as follows: the four oo-ordinates 
Xf of A and the nine independent components of A,., (where ^ » AA'), 

these vectors satisfying the identities 

A,A, = -1. = (6-1) 

The history (natural or unnatural) of two particles may be described by 
sixteen functions of a, the proper time of L: 

Xr{a). m- (6-2) 

We shall refer to these sixteen functions as the elemetUa of the motion. Of 
course six functions suffice to describe the motion of two particles; the 
sixteen functions in (6'2) are connected not only by the three identities 
(6’1), but also by the seven identities 

( 8 - 8 ) 

where d{a) is undetermined. 

Let us associate the constants m, e with L and the constants in', e' with 
L'. The invariant E and the vector are defined as in (4-1) and (6>1) for 
any state. For any history {L, U) they are functions of a, and so iS and ii, 
exist, but the expressions given by (4-17) and (5-13) apply only to natural 
histories. 

I^et us now consider a system for which fi is small. We seek an approxi¬ 
mate evaluation of the behaviour of E and A, functions of a for a pair of 
natural world-lines (L, L'). 

We see from (4*17), (613) that E and A, are small of the order of /i. We 
shall therefore only make an error of order /i* if we substitute in the right- 
hand sides for the actual elements of (L,L') the elements of other (unnatural) 
world-lines (A, A') which differ from those of (L, L') by quantities of 
order /t. 

We shall now show that the last term in (6* 13) is 0(/t*), whether we use 
the elements of (L, L') or those of (A, A'), differing by 0(/t). In either case 
these elements differ from those of the zero approximation (L^, LJ) only 
by 8(//), and hence it is only necessary to show that when we substitute the 
elements of (Lq, Lg) the last term in (6-13) vanishes rigorously. This is seen 
as follows. 
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In deriving (5*5) we need the fiMst that L' was a natural motion in the 
field of L, but not that L was a natural motion in the field of U. Now 
is a natural motion in the field of L^, for which - 0 . Thus is a constant 
vector for (Lg, 1^), and so is perpendicular not only to A,, A^, but also to 
^ and to the null-vector drawn to firom Lg, since Lg is straight. But 
is a linear combination of A, and this last null-vector. Hence (A£') =• 0. 
Also, by (4*16), is a linear combination of and dX^/dl', and the latter, 
being the acceleration of is easily seen by application of (2*9) at Z' to 
be a linear combination of A, and Hence {hP') a o. Thus the last term 
in (5*13) vanishes when we substitute the elements of {Lg, Lg), and so the 
result is established. 

We may now state the following result: 

V. When n is amdU, the nUea of change of E and h^for natural world-linee 
{L, L') art given by 

(6*4) 

A, -MA^P + O^]ri-H0(/t«), (6*5) 

where H, F, 0, A art formally at in (4*18), (5*12), but the right-hand aidea of 
(6*4), (6*5) may be oaleulatedfor the dementa of any pair of world-linea {A, A') 
which differ from thoee of {L, U) only by guantitiea of order p. 

We note that if the term 0 (/t») is omitted from (6*5), Kf are proportional 
to h/, this shows that to this order of approximation the direction of \ 
in space-time is fixed. Hence we may say that the rate of change of the 
direction of A, is 0 (/<*), and that the magnitude of this vector satisfies 

A/A-M[^-HG>^]d-i+0(/**) (A«-AA). (6*6) 

We might now choose for {A, A') the zero approximation (Lg, Lg) corre¬ 
sponding to s >■ 0. But if (Lg, Lg) is of general type, the computations are 
formidable, and indeed hopeless without the introduction of another 
approximation based on smallness of relative velocity. Since it is desirable 
to base the approximations entirely on the smallness of mass-ratio, this 
course will not be taken. Instead simplicity will be attained by confining 
attention to approximately circular orbits. Since the questions of approxi¬ 
mation involved here are rather delicate, it will be necessary to make some 
preliminary statements regarding Kepler orbits. 


9** 



132 


J. L. Synge 


7. Relativistio Ksplbb obbits 

CorreBponding to any state in the two'body problem {L, U), there 
exists a zero approximation L^), in which Xo is a geodedo and a 
world-line described in accordance with the equations of motion (2*0) in 
the field of 2^. Then is a Kepler orbit. (No confusion is likely to arise 
from using the word * orbit * indifferently in the three-dimensional sense and 
also in the four-dimensional sense.) 

Let us take space-time axes so that is time-axis. The equations of 
motion (2*9) give for 

( 7 - 1 ) 


where are the direction cosines of the radius vector r drawn from the 
origin to the moving particle. From these equations we obtain 

m'y’c* + ee'lr ^ E, tn'y'r^ddjdt ^ h, (7*2) 

where $ is the polau' angle in the plane of the orbit, and K, A are constants, 
being precisely the invariants B, h of energy and angular momentum 
defined by the state of (L, L') at which (X,, Xq) is the zero approximation. 

Defining p » l/r, we easily obtain from (7'2) the following differential 
equation for the orbit; 


h* 

m'V 




E-ee’p \* 
m'c» } ■ 


(7-3) 


The reciprocals Pi, p, of the apddal distances r^, r, ate given by putting 
dpld6 - 0; they satisfy 






In general the orbit is not closed, and the word ‘eccentricity’ (in the 
ordinary sense) does not apply. But we may generalize the meaning of the 
word by defining the eccentricity of any orbit in which the radius vector 
oscillates between a minimum r, and a maximum to be 


P»+Pi 


(7-8) 


where/9 » l/r. When applied to a focal ellipse, this definition gives the usual 
eccentricity. 
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Patting J — E =■ — (7*6) 

we have by (7-4) e* - /-•+if-*- (7-7) 

For a ciroular orbit it is neoessary and sufficient that e >» 0, or 

J*+K* = 1. (7-8) 

Further, for a oiroular orbit of radios r we have in addition to (7’2) the 
equation 

m'yV^/r = -ee'/r*. (7-9) 

so that J «= y’-\ K = u'/c. (7-10) 

Just as energy and angular momentum determine the form of a Newtonian 
Kepler orbit, so do J and K determine the form of a relativistio Kepler 
orbit. There exists an orbit having arbitrarily assigned values of J and K, 
provided that these values satisfy 

0<J<1, (7-11) 

The orbit will be oiroular if, and only if, the sign of equality holds. 

Let us now suppose that we are given a Kepler orbit C which is nearly 
oircalar, in the sense that e is small. Let J, iC be its constants. There exists 
a circular Kepler orbit with constants Jq, K, difTering from J, K only by 
quantities of the order of e*. For example, we may obtain such an orbit 
by taking J, “ = (1-J*)*. If, further, we take the plane of C# 

nearly coincident with that of C, and take the positions on C, and C at 
time < » 0 close to one another (the differences in both oases being of the 
order of e*), the elements of C, and C (in the sense of (6-2)) will differ only by 
quantities of the order of e*. 

Let us now return to the space-time viewpoint. Let (L, L') be natural 
world-lines and A a point on L. We define the eccentricity of (L, L') at A 
to be e, where e* is given by (7-7) and J, K by (7-6), E and h being the in¬ 
variants of {L, L') at A. In fact, we define the eccentricity of (L, L') to be 
the eccentricity of the zero approximation (Lg, Lg), but when stated as 
above there is no need to refer to (Lg, Lg) in the definition. 

Let us suppose that the eccentricity of {L, L') at .d is small of the order 
of so that 6* ■■ Oiji). Then there exist world-lines {A, A'), with elements 
differing from those of (L, L') only by O(^), such that ri is a geodesic in 
space-time and is a circular Kepler orbit, having A for centre. 


9-3 
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8. Thh hutoby of a bbably oibouiab obbit 

Let us suppose that at A the natural world-lines hare an eooentrioity 
small of the order so that e* ■■ 0(/(). Since are small of order /(, 
the increments inE,hin finite time are 0{ji), and hence by (7*7) s* remains 
0{fi) for a finite time, starting from A. 

Let {A, A') give the circular Kepler orbit described at the end of § 7. 
Since the elements of (A, A') differ from those of (L, L') only by order /*, 
it is permissible to use the dements of (A, A') in the right-hand sides of 
(6*4), (6‘6) or (6'6). These equations are invariant. Let us carry out our 
calculations for axes such that A is time-axis. 



Figure 6 is a space-diagram, showing the circular orbit with centre at the 
fixed point A. A'ia any position of the moving particle, the co-ordinates 
of A’ relative to A, and u' the velocity at A'. A' is the space-point corre¬ 
sponding to the event A' in figure 4, so that the time taken by light to travel 
along the broken line A'AA' is equal to the time taken by the particle to 
pass from A' to A\ Hence if r is the radius of the orbit, we have 

2rlc - rdfu', 8 - 2u’jc, ( 8 - 1 ) 

where 0 is the angle A’AA'. 

In accordance with the notation of figure 4, are the co-ordinates of A 
relative to A'. 

We note the following values: 

= 0, A4 — Ai = yu'Jc, Ai — iy'; = y'itjc, AJ = iy'; 

g, = »>, a = ir. (8-2) 
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H«aoe, putting fi « m'/o. we have 

(AA')-(AX')--y'. 

(A£)-(A€')--r. 

(AT)--/•(!-/»*0082/?), 
(AT)-(A'{)--fy'(l-/?Bin2/?), 
(«')--r*{l+oo8 2y?). 


Also 

dS‘ c* dt‘ dS'" 

(8*4) 

But from the equations of motion of A' 



^ dt r* r ’ 

(8*6) 

and, by resolution along and perpendicular to the radius vector, 


*/r -//?*. 

(8*6) 

Henoe 


(8*7) 

and thus 


1 (8*8) 

From (4*19) we obtain, remembering that y’-* — 1 —/ff*, 



(AF) = -^. 

(A'P') = ^ (-!+/?» sin 2/?+/?» 008 2;ff), 

(8*9) 


(in = 1 +/?8in 2fi-fi*ooa2/i). 


Thus we have from (6*4) the following result; 

VI. When the eccenlricHy of {L, U) U amaU of order at A, (he rate of 
change of the energy of L' relative to Lie given {without any approximation 
baaed on amaUneaa of velocity) by the formula 



{ 8 - 10 ) 
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where 0(/9) - 2/9(1-^) 00*2/9-(l~8>9*+/9«) dn 2/9, (8-11) 

/9-u7e, /t-m'/m, km-ee'/rn’e*. 

Here u’iaihe velocity m the adjacent drctdar Kapler orbit A\ and (8*10) holda 
for a finite time after the event A. 

Let ua now oonaider the rate of change of angular momentum, for which 
we have the formula (6*6). Substitution from (8*3) and (8*9) in (6*12) gives 

F - /*|j9*(2-/ff*) 008 2/9-/9(1-2/9*)sin 2/9], 
cos 2/9-/9(l-/?*) sin2/?], 

A - -/*/9«f», 

Hence we have this result: 

VII. When the eccentricity of {L, L‘) ia emaU of order fA at A, the rate of 
change of the magnitude of the angular momentum of U relative to Lie given 
(without any approximation baaed on amaUneaa of vdocity) by the formula 

+ (8*13) 

where 0(/9) m given by (8*11). Thia formula holda for a finite time after the 
event A. 

Let us write E', h' for the energy and angular momentum in (A, A'). 
By (7*10) 

/ = J'-\ fi = K’, (8*14) 

whereas in (7*6) (8*15) 

me* nc 

We may substitute from (8*14) in the right-hand sides of (8*10), (8*13). 
But J', K' differ from J, K for (L, L') (as given by (7*6)) only by 0(/t) in a 
finite time-interveJ frum the event A. Thus, after substituting from (8*14), 
we may drop the accents from J', K', absorbing the differences in the terms 
0 (/**). 

Thus we obtain the following equations, valid during any finite time- 
interval measured from an instant A at which £* « 0(/t): 

j - -ftk-^J-*K^(K) + 0(/i*), (810) 

Jt - pk-^J-*K*^^K) + 0(^*). (8* 17) 

To investigate the rate of change of eccentricity, we have by (7*7) 

e* = (J*+K*- \)J-*K-*. (8*18) 


(8*12) 



Eleetromagnetie two-body problem 


137 


By (8*16), (8*17) we have 



1)-<)(/*•), j=-0{/i), E^0{p), 

(8*19) 

and also, since e* >■ 0(;t), 

J*+K*-l=0{p). 

(8*20) 

Hence 

^{e*)-0(^*). 

(8*21) 


Let U8 now consider a large time-interval of order extending from 
« » 0 to « a aj/t, where a is a finite constant. At« « 0 we suppose e* 0(ji). 
We divide the time-range into a large number of equal intervals (0, Sj), 
(«i, «|), »n)‘ 1° of f^ose intervals (8-16), (8-17), (8*21) hold, 
provided that at the beginning of the interval in question 6* = 0(/(). From 
(8*21) it is clear that these equations will hold through all the intervals, 
because the total increment in e* will only be 0(/t). 

Let us state this result: 

Vm. Starting from an instant at which the eccentricity of (L, L') is small of 
order /«*, the equations (8* 10), (8* 17)/or ihe rates of change of energy and angular 
momentum, and the equation (8*21) for the rate of change of eccentricity, art 
valid for a long interval of proper time on L of order Here J, K, are defined 

in terms of E,h by (7*6). 

The fate of the system depends on the sign of d(K), where K is approxi¬ 
mately equal to K', so that by (8*14) 0 < Jf < 1. Now 

0{K) = 2iC(l-Jf«)cos2JS:-(l-3A*-|-A*)sin2A,l 
0'(iS:)-2fi:ain2JS:-2A«oos2A; / 

d\K) - 0 only if tan 2Z/2A - \K\ (8*23) 

For 0 < JC < nji, the left-hand side exceeds unity, while the right-hand side 
is lees than unity; for v/4 < A < 1, the two expressions have opposite signs. 
Hence d'{K) has one sign in the range, and it is positive, since for small K 

d{K) - |i:», (8*24) 

approximately. Thus J<0,H>0, and eo E and A both decrease steadily. 

By virtue of (8*20) we may separate the variables in (8*16), (8*17), writing 
them in the form 


j « -/tirV-»(l - J»)» 4>[{1 - J*)»] -I- 0(;t*), 
E - pk-H\-K*)-^K*0(K) 0(/t*). 


(8*26) 

(8*26) 
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Let us now state our result in a form easy to understand physically: 

IX. Wh«napartidt,ofeKargtt‘anitmaUrMMm*,tr>kiiMabofutapar1idt. 
of charge e and mass tn in an orbit tohieh is iniUaUy approxitnatdy circular, 
orbit remains approximately dreular, and its radius shrinks at a rate whiek 
is small of the order ofm’lm. The orbital vdodty u" increases at a rate given by 


dt m\-es'r 


(8-27) 


where fi ^ u'le and ^{fi) is given by (8*11); the Hme taken to fall into the centre 
is large of the order mfm\ being in fact given by 


■ m/-ee'\l 

“m'l m' Ic^Jf, ’ 


(8-28) 


fio being the initial value of fi. These results ore independent of any approxi¬ 
mation based on amallneas of fi. 


When fi is small, we have approximately for the rates of change of energy and 
velocity 


dE ^ 


“ 3 m \~ee7 c* ' 

(8*29) 

du' ^ 4 m'/ m' 


dt “ 3 m \—ee'J c* ’ 

(8'30) 

where the energy E is E ^ m'y’e*+ee’lr. 

(8.31) 

or (since the orbit is circular) E — m'c*ly'. 

(8-32) 


We may also express dS/dt in terms of the acceleration of the moving 
charge. We have approximately by (7’9) 


(8-33) 


and hence the acceleration in the approximately circular orbit is 
- u'* = -eerim\ 


(8-34) 


Substitution for u' in (8-29) gives 


dE 

H 




(8-36) 
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Starting from the equations of motion with the radiation term (Dirac 

1938) , ,, 

(sse) 


instead of (2*8), and taking as basis of approximation the smallness of 
Tdooities relative to e, P. R. Wallace has oalonlated in his thesis an approxi¬ 
mate value for dEJdt by a different method. No restriction being placed 
on the ratio of the masses, but the orbits being approximately circular, he 
finds as principal part 
dE 


dE 2/ . 

dt ” ar *«i) c« 


(8.37) 

3* c» Sm^ 


Here the first term agrees with the outflow of energy at infinity given by 
the Larmor formula, while the second term agrees with (8-36). If we let 
we get the Larmor formula 


dt 3 c»’ 


(8-38) 


Thus while the acceptance of the equations (2-8), without the radiation 
term, does not give a stable two-body system, we do at least obtain a rate of 
disappearance of energy considerably less (1/925 in the case of the hydrogen 
atom) than that given by the equations (8*36), with the radiation term. 
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The structure of melamine, CjN^Hj 

Bt I. Eixu Kjtaoos, Ph.D. aitd Kathlb>k Lostsdals, D.So. 

With a Noth oh thb Oftioai. Pbopbbtihs of Mhiahtwh 
Bt B. G. Wood, M.Sc. ahd G. Williams, M.So. 
(Ctmtnunieakd by Sir WilUatn Bragg, P.R.8.—Received 6 September 1940) 

Magnetic and X-ray meaaurementa on oryatalline melamine, C,N,H„ 
indicate that the molecular formula ia of the amide type, baaed on the 
oyanuric ring, but that weak hjrdrogen bridgea exiat between the NH, groupa 
of (Mie molecule and the ring mtrogena of others, ao that the substance may 
also tend to behave as an imide. The density is i'S71, the apace group 
P 2j/a, and tliere are four molecules in the unit cell. An approximate 
structure ia given. Mew optical data confirm that this structure is of a layer 
type, in which respect it is similar to all other oyanuric ring compounds 
so far examined. 

Melamine, CsNgHg, is a ring oompound whose structural formula 
(Sidgwiok 1937 , p. 371) is generally given as (I) although an imide formula (11) 
has also been considered possible (BeUstein 1938 ). It does not melt, but 
sublimes on careful heating (Heilbron 1936 ). It is a weak base (Franklin 
1922 ), and in the solid state it ocm add three hydrochloric acid molecules, 
but does this so slowly that Barnett ( 1930 ) has suggested that neither the 
amide nor the imide formula is satisfactory, although under the influence 
of hydrochloric acid solid melamine must slowly change to one or the other 
structure. He puts forward a third formula (HI) which, however, would 
involve very considerable straining of the valency bonds and has little to 
recommend it to chemists. 


NH, 

i i 

NH 

rfN \h 

NH 

K, 

io 

(I) 

(ID 

N 

(III) 

Melamine crystallizes from water in monooUnio prismatic prisms on 
the based planes {001} and with side faces {110} and sometimes {Oil}. 

[ 140 ] 
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Heydiioh ( 1910 ) gives the orystallographio data a: 6 : e ■■ 1'4121:1: 0*9728, 
/i IB 112 ’’ 16', which are confirmed by X-ray measurement. The HitwAmrinnw 
of the unit cell are as follows: a » 10*S4 A, 6 » 7*48 A, e » 7*28 A. The 
measured density is 1*571 g./o.c. at and there are thus four mole¬ 

cules per cell. The space group is P 2Ja. 

The crystals have been optically examined by Heydrioh ( 1910 ) but a 
simple microscopic test soon shows that his published data cannot be 
correct. Detailed optical measurements given in the aooompan 3 ring note 
by R. G. Wood and G. Williams show that the crystals must have a layer 
structure, since the birefringence is strongly negative. The acute bisectrix 
is nearly normal to the ( 201 ) plane. 

The magnetic anisotropy of a single large crystal weighing 0*0393 g. 
has been measured at 20 ^ C in a field of some 7000 G. The minimum 
susceptibility was measured on a number of small crystals by the Babi- 
Krishnan method, using as suspension liquid a diluted Toulet solution 
saturated with melamine and containing an adjustable amount of nickel 
chloride. 

X8-Xi= 17-86, Xi-X»=l-6xl0-» 

Xx (measured)» — 58*1 x 10“*. 

Hence “ 77*6, x 10 ^, 

- 59*8 X 10-* (along b axis), 

^ (angle Xi • c taken positive in obtuse /9) » — 25°*0. 

The structure, therefore, is magnetically almost uniaxial, with as the 
unique axis. If the molecule itself is uniaxial, as seems very probable 
from its formula, then the direction of minimum numerical susceptibility 
Xx will be the line in which the plane of the molecule intersects the ( 010 ) 
plane (Lonsdale and Krishnan 1936 ) and the value of Xi ^ 
susceptibility of the molecule in its own plane. Denoting the molecule 
susceptibilities by » X, (in plane of atoms) and X, (normal to plane 
of atoms) 

dX - Xi-X, - 3Xi-(Xi-»-X,-|-X,) 

^^Xt-{Xi+X»+Xi) = {Xi-Xi) + {Xi-Xa) 

= 21*l,xl0-*. 

The molecular anisotropy of cyanuric triazide, C 3 N 3 (X,)s, is 21*9 x 10 ~* 
(Lonsdale 1937 ). This indicates that the predominant formula of melamine 
is that based on the cyanuric ring (I). Form (II), containmg three 



142 1. E. Knaggg and K. Lonsdale 

hn>c-nh groups, would probably only have at most an anisotropy 
of about three times that of C(\ (Krishnan, Guha and Banerjee 1933 ) or 
CX)OH (Lonsdale 1939 ), namely, 18x 10 -*; while the anisotropy of form 
(in) would be quite snull, probably having £, numerically less than 
and since no double bonds are present. 

The direction cosines of the normal N to the molecular plane can be 
estimated from the magnetic data, relative to the a, 6 , e' axes. The results, 
which depend on the assumption that » f,, and are therefore only 
approximate, are 

a^ = 48‘’*8, 

The direction of (that is, N) is 16° out of the ( 010 ) plane and is nearly 
equally inclined to a and to o'. The molecules therefore lie closely parallel 
to the ( 201 ) planes and the structure is definitely of the layer type, as 
indicated by the optical data. 

This conclusion is strongly confirmed by the X-ray investigation. It is 
found that the (201) planes, spacing 3*4 A, give refiexions of outstanding 
intensity, so that the molecules most be not only parallel to, but nearly 
in, the ( 201 ) planes. Thu fact helps us to eliminate many of the possible 
structures consistent with an arrangement of four molecules in the P 2i/a 
space group. 

The magnetic data give only the orientation of the normal to the 
molecular plane; they cannot indicate the orientation of the molecule in 
its own plane. The intensities of X-ray refiexion show, however, well- 
marked maxima for some of the high-index planes. In particular the 
(060) (170) (270) (071) (208) (807) and (1006) planes have structure factors 
considerably larger than the average value for the observed reflexioiu, 
indicating that all the atoms lie in or near these planes. We already know 
that the molecules are nearly perpendicular to the ( 010 ) planes. The only 
way of explaining the strong (060) refiexion is to presume that the ( 010 ) 
plane intersects the molecule in a line neariy parallel to a N ... C—^NH, 
axis. The projection of two molecules normal to the (010) planes will then 
be approximately as shown in figure 1 , while that of the structure on the 
( 010 ) planes will be somewhat as shown in figure 2 . 

The detailed analysiB of the structure is not yet complete, but estimates 
of the intermolecular distances are possible from purely spatial con¬ 
siderations and it is found that the NH, ... N distance is approximately 3 A 
and therefore comparable with the ... O distance of 2*97 A in urea 
(Wyckoff and Corey 1934 ). In the latter case it is highly probable that 
there is a hydrogen bridge from the amide group to the oxygen atom of 
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aoothfir moleonld, the etraoture being of a typically polar type. Although 
the power of aeaodation of a hydrogen attached to a nitrogen atom is 
probably amall (Sidgwick 1937 , Introduction, p. 19), it is possible not only for 




a hydrogen atom to form a bridge between nitrogen and oxygen, as in urea, 
but between nitrogen and nitrogen as in associated ammonia and also 
in metal-firee phthalocyanine. It appears to be very probable that such a 
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weak bridge alao oconn in melamine, and thia may aooount for Ike foot 
that a(^d melamine doea not behave ezoluaively like an amide but appeara 
to partake to a amaU degree of the nature of an imide atraotnre alao. 

It ia noteworthy that all the oyanurio oompounda ao far examined 
poaaeaa layer atruoturea. Thia has been proved for oyanniio triaride 
(Knagga 1935 ), oyantirio trichloride (Lonadale 1936 ), oyanurio acid 
(Wiebenga and Moorman 1938 ) and oyanurio acid dihydrate (Lonadale, 
unpublished optical and magnetio meaaiirementa), as well aa for melamine. 
The ooourrenoe of layer atruoturea among benzene derivatives is relatively 
infrequent. 

Our thanks are due to the Managers of the Royal Institution for 
laboratory facilitiea. 
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Note on the optical properties of melamine 

By R. G. Wood, M.So. asd G. WiujAMa, M.So. 

The optical properties of melamine have been investigated by the 
method described by Wood and Ayliffe ( 1936 ) in which the crystal is 
immersed in a series of liquids of known refractive index and examined 
under a polarizing microscope. For this purpose the crystal is mounted 
on a microscope stage-goniometer in such a way that it can be rotated 
about Uie ^-axis of the indicatrix. If 0 denotes the angle through which 
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tile otyetel hee been turned from the position in which the a-ozie is 
parallel to the stage, then the refractive index ft for light vibrating 
perpendievlar to the axis of rotation is given by 






The refractive index for light vibrating parallel to the axis of rotation is fi 
and is independent of 6. 

In order to determine the principal refractive indices the match position 
(defined by d) is found for each liquid of known refractive index in the 
series, and then l//t* is plotted against oos*^. From the equation above 
it is evident that the graph will be a straight line and that the points 
corresponding to 6 = 0° and 6 = 90° will give a and y respectively. The 
intermediate index is best found by immersing the crystal in a liquid of 
refractive index as near as possible (a slight discrepancy makes a 
negligible difference in the result) and measuring the optic axial angle 2 F. 
By putting 6=V the value of >9 can be deduced from the graph, for in 
the above equation ;t - when 6 ='V. (If the crystal has positive 
birefringence, i.e. the axk y is the acute bisectrix, then 2 F must be taken 
as the octito angle between the optic axes. If the birefringence is negative, 
2 V must be taken as the obtuse angle.) 

The orientation of the indicatrix relative to the crystallographic axes is 
easily found if the position of a known face in the zone parallel to is 
determined relative to a, and a method of achieving this has been given 
by Wood and Ayliffe ( 1935 ). 

The crystals of melamine which were available were extremely small and 
they were therefore very difficult to mount sufficiently firmly and accurately 
in the proper orientation. EventuaUy, however, measurements were made 
on two different specimens. The results are combined in the graph of l//t* 
against oo 8 *d (figure 3), the points obtained frxim the two specimens being 
distinguished by rings and dots respectively. The optic axial angle was 
measured with the crystal immersed in a liquid of refractive index 1*84 
which was very near fi. The munerical results are as follows: 

2 F = 151° 22 ' (birefringence negative), 
a - 1*487, P = 1*840, y = 1*879, (for sodium light). 

The orientation of the indicatrix was determined by making use of the 
face (001) and is defined by the angle oa » 45° 45'. This orientation is 
illustrated in figure 4 which also shows the positions of the optic axes 
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Ex and The approximate limite of error are ± 0*002 in the refractive 
indices, ± 10' in the optic eudal angle (2F) and ± 1° in the angle d efi ning 
the orientation. 

The values of a and y agree with those found by Heydrich (1910), but 
the value of ft and the orientation of the indioatrix are entirely different. 
It would appear probable that Heydrich made some error in cutting the 
section he used for determining ft. 
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The equilibrium diagram of the systSFfTSHv'SF^llic 

Bt K. W. AkdbMwb, H. E. Davixs, W. H0mb-Bothxby, F.B.S. 
ABTD C. B. OSWIN 

(BecMMd 3 A'uguat 1940) 


Die equilibrhim diagram of the system sUver-smo has beea investigated 
by thornal, miorosoopio, and X-ray methods. This has enabled the following 
points to be established: 

(1) The depression of the freesing-pomt of silver by sine is slightly greater 
tilian that prodooed by equal atomio percentages of indium. This does not 
ooniirm the hypothesia of '^lole-nmnber liquidus factors previously sug¬ 
gested by Hume-Rothery, Mabbott and Channell-Evans (1934). 

( 2 ) The solidus and liquidus curves for the /^-phase do not coincide at 00 
atomic % of Einc as was proposed by B. Q. Petrenko (igzg). The freesang 
range of the equiatomic alloy is approximately 34 '^. 

(8) The detwmination of phase boundaries by X-ray methods with 
qumiobed filings is unreliable for this class of alloy, and its limitations am 
discussed. 


I. Ikteodxtction 

The equilibrium diagram of the system silver-zinc has attracted great 
attention since the liquidus ourve-was first investigated by Heyoook and 
Neville ( 1897 ). The main form of the diagram was established by Car¬ 
penter and Whiteley ( 1913 ). and the general oonolusions of the earlier work 
are summarized by M. Hansen ( 1936 ), whose diagram is shown in the fall 
lines in figure 1. B. G. Petrenko ( 1929 ) concluded that the liquidus and 
solidus curves for the /ff-phase coincided at 50 atomio % of zinc, so that the 
equiatomic alloy froze at constant temperature. More recently, Owen and 
E^unds ( 1938 ), luring X-iay methods with quenched filings, have pro¬ 
posed considerable changes in the phase boundaries; these are shown in 
dotted lines in figure 1 , and in some places are in confiict with the results 
of Heyoook and Neville. The system is of interest because, as was shown 
by Hnme-Rothery, Mabbott and Channel-Evans ( 1934 ),* the depression 
of the freezing-point of silver produced by addition of zinc was, to within 
Hie limits of accuracy then available, that to be expected for a trivalent 
element, a fact which led to the concept of whole-number liquidus 
factors. The system is also of g^ieral importance, siaoe zinc contracts the 
lattice spacing of silver by an amount almost equal to the lattice expansion 
* This paper will be rafared to m H..R., M. and C.-E. 
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produced by an equal atomic percentage of cadmium. An examination of 
the equilibrium diagrams of the Bystems rilTeir-aino and sUreir-oadmium 
thus enables us to compare the relative effects of lattice contraction and 
expansion. In view of the discnepancks between the results of previous 
investigators, and the general interest of these alloys, we have made a 
very detailed examination of the whole system. The present paper describes 
the generd results of this work, whilst the fuU details have been deposited 
with the Royal Society.* 



II. ExFSBIMBKTAL DETAILS 

The silver used in the present work was assay silver grain from Messrs 
Johnson Matthey and Co., Ltd. The zinc used for the cooling curve work 
was Crown Special Zinc of 99-995 % purity, kindly presented by the 
National Smelting Co., Ltd., of Avonmoutb. For the alloys prepaid for 
phase-boundary determinations, use was made of two brands of spectro- 
scopically pure zinc presented by the New Jersey Zinc Corporation of 
* Additional copies of the details have been deposited in the Radolifife Soienoe 
Libiary of the University of Oxford, and with ^ British Non-Ferrons Metals 
Researoh Assoeiatiwi, and the Institute of Metals. 
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n.S.A.j; and by tite National Smeltbig Co., Ltd., of Avonmouth; the anthon 
must e a cp r eee theJr extrome gratitude to theee two firms for their generosity. 

For the determination of the liquidus corvee, alloys were melted in 
qnantitfee of 100-160 g. in graphite mioiblee. For alloys melting above 
700° C a sodlnm-ohloride/potassium-ohloride flux was us^, together with 
a layer of small pieces of charcoal, whilst for the edloys of low melting- 
point a covering of powdered charcoal alone was employed. The cooling 
curves were taken in the manner described by Hume-Bothery and Rey¬ 
nolds ( 1937 ), and all the preoaations tidcen by theee sMithois were followed. 
The composition of the melts at the moment of fieezing were determined 
by two methods. In one of these, a small sample was removed by suction 
through a silioa tube when the melt was slightly above the expected 
liquidus point, and the change in composition owing to the volatilization 
of zinc between the time of extraction and that of fireezing was allowed 
for. In the seoond method, the crucible was removed from the furnace 
immediately the arrest was established, and was allowed to cool in air, 
after which the whole ingot was dissolved for anal}nsis. In allojrs for which 
the liquidus and solidus curves are close together (e.g. the /9-Iiquidua curve) 
the two methods gave results in close agreement, but, when the alloys had 
a greater freezing range, the extraction method was found to give liquidus 
points which were higher by amounts of the order 0 * 6 - 2 ' 6 ° C than those 
obtained by the analyeds of the whole it^t. This phenomenon was similar 
to that found by Hume-Rothery and Reynolds for silver-tin aUoys, the 
probable explanation being that, as the suction tube is raised, a small drop 
of semi-liquid alloy falls bewk into the melt, so that the composition of the 
extracted sample is no longer that of the melt as a whole. The method 
involving the analysis of the whole ingot is therefore more accurate, since 
the volatilization of zinc during rapid cooling was n^;ligible. 

The solidus curves of the if, e and y phases were determined by the 
usual method of quenching, followed by microscopic examination. In all 
oases the specimens were first made homogeneous by a preliminary 
■.nnAftling treatment, cmd were then heated at the required temperature 
for a period of at least 30 min., during which the temperature was con¬ 
trolled by hanH to within ± 0 * 6 ° C of the required value. For the ^-solidus 
curve, this method was unsatisfactory, sinoe the frequent decomposition 
of the /} phase on quenching made it difBoult to detect the first traces of 
chilled liquid. A hea ting curve method was therefore adopted, using a 
cylindrical specimen enclosed in an evacuated silioa tube, as described by 
Hume-Bothery and Raynor ( 1937 ). With a rate of heating of the order 
1° C per min., the thermad arrests were sharp, and there was no tendency 
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to obtain aireata at too high temperatorea owing to a time lag between the 
thennooonple and the alloy. It was, however, eaamtial to teat the ingot 
most sompiiloualyfor segregation, ainoe any variation in oompoaition results 
in the alloy melting at too low a temperature. Experiment showed that 
the loss of zino during an actual heating curve in a sealed tube was n^li- 
gible, and the policy adopted was therefore to cut a second q>eoimen from 
the part of the ingot adjacent to that used for the heating curve specimen, 
and to give this duplicate specimen exactly the same preliminary heat 
treatment as that of the heating curve specimen. The inside and outside 
of the duplicate specimen were then analysed, and, if miy marked difierence 
was found, the ingot was rejected. Where the difierences in composition 
were a few tenths of an atomic per cent, the value with the higher zinc 
content was taken, since the zinc-rich portion would melt first. This pro¬ 
cedure does not guard against the danger of longitudinal segregation, but 
this was not serious for the a- and /9-alloys, although for the y- and s-alloys, 
segregation effects were much greater, and only the quenching method was 
possible. For the a phase, both the heating curve and the quenching 
methods were used, and the results were in good agreement, and, since 
the dangers from segregation are greater for the a than for the phase 
alloys, the points for the fi phase may be accepted with confidence. 

lie solid solubility curves for the different phases were determined by 
the usual methods of annealing, quenching, and microscopic examination. 
The general methods have already been described by H.-R., M. and C.-E. 
(1934) and by Hume-Bothery and Raynor (1937), and Foster temperature 
controllers were again used for controlling the temperature. For the 
majority of alloys, the most suitable etching reagent was found to be a 
mixture of sulphuric and chromic acids, the strength of which required 
careful adjustment according to the class of alloy. 

In oases where the high-temperature X-ray camera was used to deter¬ 
mine phase boundaries, the general methods of Hume-Rothery and 
Reynolds ( 1937 ) and Hume-Rothery and Raynor ( 1939 ) were used. 
Annealing of the X-ray specimens was carried out in the high-temperature 
camera, the temperature of which was controlled by a Fostw potentio- 
metric regulator. The chief source of error found was that, in sealing off the 
silica capillary containing the filings, accidental heating of some of the 
filings might occur, and cause local volatilization of zino, with the pro¬ 
duction of a specimen of uneven composition. The policy adopted was to 
analyse the actual X-ray specimens after the experiment, with the rejec¬ 
tion of the filings near the extreme tip of the specimen. The lump from 
which the filings were prepared was also analysed, and if any marked 
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cUffecenoe between the two analyaee was found, the experiment was 
lejeoted. 

The analyses of the alloys were oarried out by Messrs Johnson Matthey 
and Co., Ltd., and the author’s thanks are due to Mr A. R. Powell for his 
constant help in this connexion. For the cooling curve ingots, both zinc 
and silver were determined. For the alloys used in the determinations of 
the solidus and solid solubility curves, the critical alloys in the immediate 
vidnity of the phase boundaries were analysed, the analyses being oarried 
out on the actual specimens used for the microscopic examinations. Both 
sides of the specimens, and sometimes an additional cross-section were 
examined before the specimens were dissolved for analysis. In general 
the specimens were analysed by determining silver only, but a large num¬ 
ber of alloys were analysed for both sUver and zinc as a check on the purity. 
The analyses were highly satisfactory, and no indication of any con¬ 
tamination was found. 


III. Th* UQUintrs cubvb 

The results of the cooling curve expenments ate shown in figriree 2-4, 
and are in table 1 of the collected tables deposited with the Royal Society. 
The liquidus points of Heycock and Nev^e ( 1897 ) were published in a 
series of tables, of which those for the silver-rich alloys contained a value 
for the freezing-point of silver, these fireezing-points varying by 2 or 3® C. 
If, as in the paper of H.-R., M. and C.-E., it is assumed that these varia¬ 
tions are due to an error m the pyrometer, which remained constant 
throughout the particular series, the figrues can be corrected to the stan- 
d«ffd silver point of 960*6° C. If, however, the variation is due partly or 
wholly to oxidation of the silver, this procedure is incorrect, since zinc 
acts as a deoxidizer. In view of this uncertainty, we have in figures 2-4 
shown these resiilts of Heycock and Neville by means of vertical lines, the 
lower ends of which give the freezing-points recorded in the original paper, 
and the upper ends, the same points corrected to a silver point of 06O-6® C. 

Examination of figures 2-4 shows that our liquidus results are in extremely 
good agreement with those of Heyoock and Neville, and the liquidus curve 
may be regarded as established to a high degree of accuracy. The curve 
divides itself into five parts corresponding with the crystallization of the 
ct, fi, y, 6 and 7 phases. The temperatures of the four peritectic horizontals 
are as follows: 

a-f-liqnid^/9 709-8^ C, y-»-liquid^e 031-2® C, 

liquid 660-6® C, e -I- liquid ^^17 430-7® C. 
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O Liqaidus points by analysis of whole ingot. 

I Liquidus points from Heyoook and Neville with and without ooneotion. 

X Heating curve arrests. 

^ Partly liquid allo}ra. | Homogeneous alloys. A Two-phase alloys. 
■hMoys shown thus were recorded as oontainmg possible traces of chilled liquid. 
There are two independent determinations in the present work at the point marked a. 
In this figure all points from the present work refer to specimens or ingots which 
were actually analysed. 


Fiquiu 2 
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atomic percentage of zinc 

CJ Liquidiia pointa by extraction method. 

O Liquidua pointa by analyaia of whole ingot. 

IO Liqtiidua pomta of Heyoock and Neville. 

X Treating ourves arreots. W Partly liquid allo3m. 

i^AUoys containing possible traces of chilled liquid 
HQ Homogeneous idloys. A A Two-phase alloys. 

A Two-phaee alloys with trace of second phase. 

The shaded points refer to the actual specimens which were analysed. 


FiQoaig 
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The aneet due to the >?+liquid^ reaction is only giyen by alloya in a 
narrow range of oompoeition, indioatiiig that the Uqrddus and solidus are 
very dose together. This is in agreement with the diagrams of the eariier 



atomic percentage of k 
O liiquidua points by extraction method. 

O Liquidua points by analyau of whole ingot. 

O Liquidus pointa from Heycook and Neville. 

The shaded points refer to the specimens which wi 
nealing at the temperature oonoemed. 

Fiaims 4 


■ □ Homogeneous alloys. 
JlA Two-phase alloys. 

W V Partly liquid alloys, 
re actually analysed after a 


workers, but in contradiction with the phase boundaries proposed by Owen 
and Edmunds, which would require the arrest to be shown by all alloys 
between 51 and 62 atomic % zinc. The present liquidus curve gives the 
composition of the liquid phase at the a-f-liquid periteotio horizontal 
as 37-6 atomic % of zinc, and is thus in conflict with the results of Owen 
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and EdmnndB, who give the oompodtion. of the soUd fi phase at this point 
as 40*0 atomio % dno, this composition lying in totally liquid re^n, 
aooording to the results of both Heyoook and Neville, and of the present 
work. 


IV. Thssfhasb 

The a-solidus curve as determined by the quenching, and heating curve 
method is shown in figure 2, and is in places as much as 10° C lower than the 
values given in the collected tables of H.-R., M. and C.-E. Reference to 
the ori^mal tables shows that aU but two of the temperature brackets of 
H.-R., M. and C.-E. could be reconciled with the present data, but one 
point was definitely inoorreot, and it is this which accounts for the in¬ 
correct solidus curve drawn by H.-R., M. and C.-E. 

The a-Bolid solubility limit at the 700-8° C peritectic horizontal was 
determined as 32* 1 atomic % of zinc. This value was accurately established 
by means of alloy 32-0«* which consisted of homogeneous a after quenching 
from 710-6° C, but contained clear traces of chilled liquid after quenching 
from 712*6° C. The whole of the high-temperature portions of the ala+ji 
boundary determined in the present work lies slightly to the silver-rich 
side of that proposed by Owen and Edmunds, and this cannot be ascribed 
to insufficient annealing, since the times of annealing in the present work 
were very much the greater. The microstructures of these alloys were quite 
clear, and since the actual specimens were analysed, we can only conclude 
that the boundary given by Owen and Edmunds is incorrect, a possible 
explanation of this discrepancy is given later (p. 168). 

With falling temperature, the solubility of zinc in silver increases, as 
in the typical ajfi brass type of equilibrium, until a maximum of 40*2 is 
reached at 268° C (point P). The value obtained by Owen and Edmunds 
for this point was 40-0 atomio % zinc. Below 268° C the solubility of zinc 
in silver diminishes comparatively rapiffiy, and at 200° C it is only 36-7 
atomio %. This decrease in solubility is due to the fact that below 268° C, 
the at phase is in equilibrium not with the p, but with the ^ phase which has 
a complicated hexagoncd structure. For this part of the diagram, the 
a/oc + C boundary was determined by annealing aUoys which had pre¬ 
viously been made homogeneous by a long treatment at 300° C. Pre¬ 
cipitation of the ( phase took place slowly, and it is probably this fact 
which accounts for our finding a greater decrease in solubility of zinc in 

* For oanvenienoe an alloy oontaining x atomio % of uno will be doeoribed as 
alky X, 
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adlver than Owen and Edmunds, ainoe our final annealing treatment yaiied 
from 37 days at 250° C to 62 days at 202° C, whereas the m a xim u m time 
given in the table of Owen and Edmimds is 76 hr. 

V. Thie/?fhask 

The fi phase limits are shown in figures 3 and 6, tmd it is for this phase 
that our results at high temperatures differ most widely fix)m those of 
Owen and Edmunds. For the composition of the phase at the 700>8° C 
periteotio horizontal, we obtain the value 36'0 atomic % zino, as com¬ 
pared with the value 40-0 atomic % zino given by Owen and Edmonds, 
and for the whole of the high temperature region, our results give the 
ot+filfi boundary as lying considerably to the silver-rich side of that of 
Owen and Edmunds, although below 500° C the two investigations are in 
reasonable agreement. These differences are probably due to decom¬ 
position of the fi phase on quenching, since microscopic examination 
showed that on quenching from temperatures above 600° C, it was im¬ 
possible to prevent decomposition of the fi phase, even though small 
specimens were quenched in iced brine. Fortunately, the structure of the 
decomposed phase was so fine that no difficulty was experienced in 
distinguishing between alloys quenched from the a+/?, and fi regions, and 
so the OL+filfi phase boundary could be accurately determined; photo¬ 
micrographs of these alloys have been deposited with the Royal Society. 
Below 500° C no visible decomposition of the fi phase could be observed. 
This does not, of course, prove the absence of submicrosoopio decom¬ 
position, or mass transformation to a new structure, but it is at least 
significant that below 600° C the X-ray and microscopic methods give 
results differing by less than 1 atomic %. Decomposition of the /i phase 
during quenching occurs by precipitation of the a phase, so that if Owen 
and Edmonds’s specimen were affected by decomposition, this might 
account for an apparent shift of the a+fijfi boundary in the zino-rich 
direction, and also possibly for a similar error in the aja+fi boundary. 
For, on account of the slope of the solubility curve, any decomposition 
of the p phase during cooling will presumably result in the precipitation 
of a phase of increasing zino content, and although this may not be 
sufficient to produce fuzzy lines, the centres of darkening of the lines may 
be shifted slightly, in the direction corresponding with increasing zinc 
content. 

The results of the heating curve experiments for the determination of 
the P solidus curve are shown in figure 3. The fireezing range of the p phase 
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k always small, and the solidns curve confirms the general type of diagram 
of the (fider invastigations. * 

For the filfi+y boundary, Owen and Edmunds gave an almost vertioal 
line at 50*7-80‘9 atomic % zinc, whereas our own results indicate that 
the boundary curves from S0*0 atomic % of zinc at 274° C, to 68-e atomic % 
of zinc at the 660'6° 0 peritectio horizontal, in agreement with the evidence 
of the liquidus and solidus determinations. The difference between this 
condudon and that of Owen and Edmunds is undoubtedly connected with 
changes of the phase on quenching, since our results show that, between 
45 and 48 atomic % of zinc, the alloys can be quenched without any 
apparent decomposition,* but that when the zinc content exceeds about 
50 atomic % of zinc, the character of the allo 3 rs changes entirely. By 
quenching in iced brine, allojrs in the range 50-55 atomic % zinc can be 
obtained which show large crystals of with little or no sign of decom¬ 
position. Quenching of the same alloys in ice and water produces a number 
of indefinite structures, some of wluch apparently contain three phases, 
whilst quenching in hot water gives rise to structures with clear decomposi¬ 
tion. Alloys in the region 52-58 atomic % of zinc alwa 3 rs underwent 
decomposition on quenching, with the formation of structures similar to 
those found in alloys from the corresponding parts of the fi phase areas 
in other systems (Cu-Zn, Cu-Ga). There was also a general tendency for 
the /i phase to decompose more readily in alloys quenched firom the two- 
phase (fi+y) area than in those quenched from the homogeneous region. 
Photographs of some of the decomposed structures have been deposited 
with the Royal Society, and fortunately, at the higher temperatures, these 
decomposed structures were sufSoiently fine to be distinguished from those 
of allojrs which contained the y phase as a genuine equilibrium constituent 
at the temperature of quenching, and in tins way the filfi+y boundary 
was readily determined down to 460° O, but below this temperature further 
difficulties were encountered, owing to the stability of some of the decom¬ 
posed structures. If, for example, an alloy which at 300° C was in the 
ifi+y) region was first made homogeneous by annealing at 650° C, and 
then quenched, the ‘decomposed* structure of the quenched alloy was 
sometimes so stable that prolonged annealing was necessary to obtain 
equilibrium at 300° C. To overcome this difficulty, the alloys were first 
made homogeneous by annealing at 600 or 050° 0, and were then slowly 
cooled to successive temperatures, and then quenched. Under these 
conditions the y phase precipitated clearly, usually in the grain boundaries, 
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and a period of 6 days at the final temperature was snlfiotent to ensure 
pieoipitatioti, and thus to obtain the filfi+y boundary. 

The filfi+y phase boundary determined by miorosoopio methods oleariy 
resembles that of the older diagrams, but it was thought advisable to 
obtain additional confirmation by X-ray methods. For this purpose, 
alloys 51-7 and fi4-4 were annealed in lump form at 600** C, and quenched, 
after which X-ray specimens were prepared in silica capillaries, and films 
taken after annealing in the camera for 21 hr. at 500° C. The film from 
alloy* 54*4 showed lines due to both fi and y phases, whilst that from 
alloy 51*7 showed lines only. The y phase is characterized by a strong 
diffraction line near to the ( 211 ) line of the phase, and this forms a 
sensitive test for the presence of the y phase, ^ese results agree with the 
miorosoopio evidence which was farther confirmed by a photograph of 
alloy 63-9 which showed P phase lines only at 600° C. A sample of alloy 
56*0 was similarly treated at 640° C, and photographed after 6 hr. annealing 
in the camera, and the film showed a faint y line although, according to 
the microscopic work, the alloy at this temperature should consist of the 

phase only. Using another specimen of the same alloy with a longer 
time of annealing in the camera the y line became fainter, suggesting that 
true equilibrium had not been reached. Finally, filings of the same alloy 
were prepared in nitrogen, using the apparatus of Hume-Rothery and 
Raynor ( 1939 ), and films were taken after annealing the specimen in the 
camera for 23, 47 and 94 hr. respectively. These films showed lines due to 
the P phase alone. The temperature of the camera was then reduced by 
steps of 20 ° C, and films were taken after annealing for periods of about 
22 hr. at each temperature.f The films at 660 and 680° C showed clear 
y lines. These films were not suitable for lattice spacing measurements, 
since, in contrast to the films taken at 600° C, the high-angle lines were 
vejy faint, and the general scattering considerable. The low-angle lines 
were, however, quite clear, and the whole series of films was therefore 
examined in the r^on of the ( 211 ) p phase line by means of a Hilger 
photoelectric microphotometer, and the photometer curves showed a 
definite indication of a faint y line in the 600° C film , but not in the filma 
at 620 and 640° C. The analysis of the specimen gave the value 66*7 
atomic % zinc, and the method therefore gives the PIP+y phase boundary 
for this alloy as lying between 600 and 620° C in complete agreement with 

* The compositions ore here the compositions of the actual filing" at the oon- 
cl\ision of the experiment. 

t In these experiments the camera was loaded with the specimen at tne high 
temperatures, and the camera was never cooled. 
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the vmlue 615** C obtained for the onrre given by the miorosoopio work. 
Farther, the marked increase in the intensity of the y line as the tem- 
peratore fell bdk>w 600° C clearly supports the phase boundary of the type 
shown in figure 3, and is not what would be expected from an almost 
vertioal boundary. The miorosoopio and high temperature X-ray results 
are thus in complete agreement. 


VI. ThX £ PHASE 

The a-l-d/f, and l^/Z+y phase boimdaries were determined by mioro- 
Boopio methods, and the results which are shown in figure 5, indicate that, 
at the lower temperatures, the ^ phase extends over a range of com¬ 
position which is considerably greater than previously had been imagined. 
The times of annealing were extended to as much as 62 days at 200° C, 
and it is probably this which accounts for the discovery of the wider range 
of solid solubility. 

The transformation was studied by X-ray methods, since the work 
of previous investigators showed that, although the transformation ex¬ 
tended over a comparatively short range of temperature, the arrest points 
on heating and cooling curves might differ by as much as 20-40° C. In 
the present work the alloys in the homogeneous C region were given two 
different annealing treatments in lump form, (u) a preliminary high-tem- 
perature treatment followed by 26 days at 230-260° C, in order to obtom 
the alloy in thorough equilibrium in the ^ region, and (6) on annealing 
treatment at 600-660° C, followed by quenching in cold water. Filings 
were then prepared, and annealed for 6-6 hr. at different temperatures, in 
the high-temperature X-ray camera, after which an exposure was made, 
and the camera was allowed to cool to room temperature, and was then 
heated to another temperature, and a further exposure made. This pro¬ 
cedure will be colled the ‘normal method’, and, during the preliminary 
anneal in the camera, the temperature was controlled to within t i'6° C 
of the desired temperature by automatic control, whilst during the actual 
exposure, the temperature was controlled by hand to ± 0-6° C. The lump¬ 
annealing treatments (a) and (b) gave equally sharp lines for the ^ phase, 
showing that the period of 6-8 hr. was sufficient for the quenched alloy to 
reach equilibrium in the homogeneous ^ region, although in the two-phase 
region much longer times were required. Using the normal method, the 
results were reproducible in the sense that if, for example, a particular 
alloy was found to be in the ^ region at 260° C, and in the /9 region at 
266° C, a subsequent exposure at 260° C again gave ([ phase lines only. 
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showing that, on using tile normal method, the effect of heating into iha 
/f legion was destroyed by the snheeqnent annealing in the C regkm. In 
this way films were obtained showing fi ot lines, whilst at some inter' 
mediate temperatures 0?+([) lines were obtained. The effect of extending 
the n-ntiftaHrig period from 6 to 28 hr. was studied for one alloy in the 09+0 
region, and only sUghtiy increased the relative intensity of fi lines, sug¬ 
gesting that the normal method gave results very near to those of true 
equilibrium. When, however, aUoyi were heated in the X-ray camera to 
350° and 400° C, and then cooled rapidly to fixed temperatures, and 
annealed for 6 hr., the transformation from the ^ to the ^ phase took place 
at temperatures as much as 10 ° C lower than those given by the normal 
method. An alloy heated a few degrees above the transformation tem¬ 
perature, and then slowly cooled over a period of several days, trans¬ 
formed at a temperature about 6 °C lower than that indicate by the 
normal method, and the proportion of the C phase increased considerably 
with time of annealing. These differences may be connected with the 
development of short-range order in the /i phase at low temperatures, since, 
although superlattice lines are not shown, many facts* suggest that ordered 
structures of some kind are present, and the magnitude of the effects 
resemble those found by Sykes and Jones ( 1939 ) for the CuPd transforma¬ 
tion. The procedure adopted was to draw the most probable curve through 
the points obtained by the normal method, and then to lower this curve 
by 3° C in order to allow for the difference between results obtained on 
heating up or cooling down. This adjusted curve is shown in figure 5, and, 
in view of the narrowness of the two-phase region, further progress is 
impossible until the X-ray camera can be controlled to within ^ fraction 
of a degree over a long period. The temperature of the fi+y — ^ trans¬ 
formation is based on the results for an alloy containing 500 atomic % 
of zinc, which is just at the boundary of the fi phase, and this was con¬ 
firmed by additional experiments which showed that with two-phase 
alloys this transformation exhibited little or no hystereeu. The tempera¬ 
ture of the a + transformation was determined by means of two- 
phase alloys annealed in lump form at 250° C, and then treated by the 
normal method. Additional experiments, in which the specimen was first 
heated above the transformation temperature and then cooled down by 
small steps, gave a result 5° lower than that from the normal method, and 

* The suggestion of otdored structures of some kind are (1) the sudden obange in 
the stability of the fi phase when the sino content exceeds 50 atomic %, (2) the ready 
formation of long-range order on quenching, (3) the fact that the fi phase at low 
temperatures extends up to but not beyond 60 atomic % of zinc. 
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the Una in figure 5 la tiierefore drawn 8° C lower than that given by the 
normal method. Fall details of the axperimmtB made to test these ^eots 
have been deposited with the Royal Society (table 11). 



■ □ Homogeneo\u alloys. A A Two phase alloys. 

A Two phase alloys with trace only of second phase. 

it The alloy marked thus was homogeneous except for one or two small regions 
showing traoea of the second phase. 

The shaded points refer to actual specimens which were analysed. 

FlOCBK S 


Vn. The y, e and ji phases 

The solid solubility limits of the y, e and phases ate shown in figures 
8-6, and are in tables 6-10 of the collected tables. Between 600 and 600° C 
our results for the fi+yly boundary are in good agreement with those of 
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Owen and Edmunds, but above 600° C we place this bonndsjcy farther to 
the Eino-rioh side, and for the Umit^ value at the periteotio horizontal 
(point E) we obtain 61‘4 ± 0'S atomic % zinc as oompaied with Owen and 
Edmunds’s value of 69-6 atomic %. We think that the present values ue 



the more probable, since both alloys 69’77 and 60*00 contained appreciable 
quantities of the pheue edter annealing for 6 days at 650° C. Between 
600 and 300® C we place the +yjy boundary to the silver-rich side of that 
of Owen and Edmunds, and we confirm their observation that the y phase 
area narrows below the temperature of the transformation. For the 
yly + e boundary, our results are in good agreement with those of Owen 
and Edmunds at high temperatures, but at the lower temperatures our 
results show that the y phase becomes more restricted on the zinc-rich 
side than was previously supposed. We think that this may be due to the 
fact that, whilst both series of investigations gave satisfactorily long 
preliminary annealing temperatures, the final annealing temperatures were 
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Twy mnob longer in the present work, and this longer anneal may have 
enalded precipitations to oooor. 

For the « phase* onr phase boundaries are in general agreement with 
those o£ Owoi and Edmunds, except that the present e/e + ij boundary 
lies dic^tly more to the cinc-rioh side, the difierenoe at the higher tem¬ 
peratures being of the order 1 to 2 atomic %. 

The microscopic methods do not distinguish between the different 
modifications of sine, and we have therefore adopted the policy of Hansen, 
and denoted the sinc-rich phase by the symbol i/. At the 430*7° C periteotio 
horixontal we place the maximum solubility of silver in solid sine as 6*0 
atomic This is considerably smaller than the value 6*2 atomic % given 
by Owen uid Edmunds, but in good agreement with the value 6*3 atomic 
% given in the International CriHoal Tables as the most probable value 
given by the older work. The smaller solubility indicated by the mioro- 
Boopio methods is not likely to be due to insufficient annealing, since, in 
our work, alloy 90*07 became hom(^;eneou 8 after 10 days at 400° C, 
whilst alloy 96*04 still contained traces of the e phase aftw 10 days at 
400® C followed by 10 days at 419° C. At the lower temperatures the 
e -f* 9/9 boundi^ was determined by the annealing of specimens previously 
made homogeneous by annealing for 10 days at 400° C; the final annealing 
treatments were extended to 81 days at 203° C, sinoe a period of 29 days 
was found to be insufficient to ensure precipitation. 


Vlll. Discussiour 

The present accurate determination of the equihbrium diagram of the 
system silver-zinc establishes certain points which may be briefiy discussed. 

(а) The liquidus curve of the a-solid solution of zinc, in silver is slightly 
but definitely lower than the corresponding curve in the system silver- 
indium which was accurately determined by Hume-Bothery and Reynolds 
( 1937 ). The hypothesis of whole number liquidus factors is therefore not 
confirmed. 

( б ) The suggestion of B. G. Petrenko ( 1929 ) that the y^-liquidus and 
solidus curves coincide at 60 atomic % of zinc is not confirmed. The freezing 
range is slight, but is about 3|° C at the equiatomic composition. 

(e) A comparison of the equilibrium diagrams of the S 3 r 8 tem silver-zinc 

* In the work of Owen and Kdimmd* this phase is called 6 , but we have preferred 
the iormbol « used by Hansen (1936) sinoe it agrees with the terminology suggested 
by Bradley (1937). 


VoL *77. A. 
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and nlTer-oadminin is made in iBgun 5.* The ce solid solntkm is more 
restrioted in the system sUrer-emc, whilst the fi scdid solu^m is rery 
much larger. The ordered^ (body-oentred cube, oaesiam chloride stmotore) 
phase which is present as a stable constituent of the systmu silTer>oadmiam, 
is not a stable constituent in the system silver-cino. The fact that some 
alloys in the phase area in the system silver-uno pass into the ordered 
state on quenching, suggests that the free energy of the ordered form is 
very nearly but not quite low enough to make the ordered stiraoture a 
stable constituent. The remarkable change in the stability on quenching 
of the fi phase when the zinc content exceeds 50 atomic %, suggests 
clearly that a short-range order, not revealed by the present X-ray methods, 
is present. 

The liquidus curves of the fi, y and e phases of the s 3 ^Btem silver-uno 
show a marked flattening on the silver-rich side in agreement with tiie 
conclusion of Hume-Rothery, Reynolds, and Rajmor ( 1940 ) that increasing 
electrochemical factors give liquidus curves which tend to resemble those 
of definite compounds. 

(d) If the present results are accepted, it is clear that the X-ray methods 
with quenched filings are unreliable for this class of alloy, and that if any 
suggestion of decomposition is found, other metiiods must be used, not 
merely for the phase which is deoomposing (e.g. the et+fijfi and filfi+y 
boundaries), but also for the phase in equilibrium with the deoomposing 
phase (e.g. the ct+fijfi boundary). It is also clear that the use of quenched 
filings does not enable the phase boundaries to be determined accurately 
with short periods of annealing at the lower temperaturee, sinoe the 
longer times of annealing in the present work have given results which 
differ from those of Owen and Edmonds in the way to be expected if short 
annealing did not give true equilibrium. The conclusion may be drawn 
that for the accurate determination of phase boundaries in alloys of 
elements of which reasonable quantities are available, the classioal methods 
are more suitable and reliable except in special oases such as superlattice 
formation, or failure to distinguish between phases by etching, etc. High 
temperature X-ray methods offer many possibilities, but the analysis of 
the actual specimens appear to be essential, and for this a microohemioal 
technique is required. 

* This is takm from the review by Haosm (1936), and the a-so)id sohibility ourve 
from the work of H.-R., M. and C.-E. We have not used the data of Owen, Bogem 
and Qutiirie (1939), smoe these authore mention diffloulties in preventing deo^- 
position during the quenching of theee alloys, and in view oX tiie present results, the 
cl s s siea l meth^ of Durrant and others appear more reliable. 
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The magnetic and other properties of the free 
electrons in graphite 
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1 . GrapliitA crystals have a large free-oloctron diamagnotism, which is 
directed almost wholly along the hexagonal axis. Over the whole range of 
temperature over which measurements have been made, namely, from 90 
to 1270° K, this freo-electron diamagnetism of graphite per carbon atom U 
found to be equal to the Landau diamagnetism per electron of a free^eleotron 
gas obeying Fermi-Dirac statistics and having a degeneracy temperature 
of 620° K. 

2. From this expeninental result it is concluded (o) that the number of 
free or mobile electrons m graphite is just one per carbon atom; (6) that the 
effective mass of these electrons for motion in tho basal pltme is just their 
actual mass, showing that the movements in this plane are completely free 
and uninfluenced by the lattice field; (c) that on tho other hand their effective 
mass for motion along the normal to tho basal plane is enormous, about 190* 
times the actual mass, which indicates that the mobile electrons belonging 
to any given basal layer of carbon atoms are tightly bound to tho layer, 
though, according to (b), they can migrate quite freely over the whole of 
the layer; (d) that this tight binding accounts for tho observed low de¬ 
generacy tcmi>erature of the electron gas in the crystal. 

3. Tlio electron gas in graphite thus conforms to a simple model which is 
easily amenable to theoretical treatment, and it has a low degeneracy tom- 
pi'iature which is conveniently accessible for experimenting. It therefore 
forms a suitable medium for studying the properties of an electron gaq. 

4 Tho conclusions stated m 2 are in accortl with tho quanta! views of 
the electronic structure of graphite, and also with its Bnlloum zones. There 
IS one zone which can just accommodate threo electrons per atom, and the 
energy discontmuities at all of its boundary surfaces are large. There is a 
bigger zone which can just accommodate all the four valency electrons, but 
the energy discontmuities at those of its faces that are perpendicular to the 
basal plane are very small. 


1 . Introduction 

As is well known, graphite crystals exhibit an abnormal diamagnetism, 
directed almost wholly along the hexagonal axis of the crystal, and having 
a large temperature coefficient. This diamagnetism is evidently due to the 
presence of ‘free’ electrons in the crystal, and a detailed study of the 
diamagnetism should enable us to obtain at least some of the general 
[ 168 ] 
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oharaoteriatioa of these firee electrons. In the present paper is given a dis¬ 
cussion of the diamagnetism of graphite from this point of view, and it is 
found that the magnetic data indeed reveal all the main features of the free 
electron gas in the crystal. For example, it is found that the number of free 
electrons is just one per carbon atom, that under the influence of the lattice 
field the movements of these electrons along the normal to the basal plane 
are severely restrained, whereas their movements in the basal plane remain 
almost completely free, and lastly, that as a result of the restraint imposed 
on the movements along the former direction, and the peculiar structure of 
the Brillouin zones of the crystal, the d^eneracy temperature of the electron 
gas becomes very low indeed, sufficiently low to be easily accessible for 
experimenting in the laboratory. 

This simple picture of the fiee electron gas in graphite revealed by the 
magnetic data naturally makes graphite a very suitable medium for 
studying in general the properties of an electron gas. An account of some of 
these studies will be given in Part II. 


2 . The maonktio pbopbrtibs of a fekk-bleotbon gas 

It was discovered by Landau (1930) that an electron gas should have, 
besides its spin-paramagnetism, an appreciable diami^netism also, super¬ 
posed on it, due to the quantized orbital motions of the electrons in the 
magnetic field. For a/ree-electron gas both the diamagnetic and the para¬ 
magnetic susceptibilities are easily calculated. Neglecting terms that are 
dependent on the magnetic field, the diamagnetic susceptibility per unit 
volume of the gas is given by the expression (see Stoner 1935) 


, n/t« F'[ 7 i) 

'' 3 ifcT F(^) ’ 


(I) 


where n is the number of electrons per unit volume, n is the Bohr magneton. 






(2) 


F'(i7 )=^F(,), ( 3 ) 

-If* 

“ 2J0 €' »-!-r 


V = ^lkT, 


{*) 
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^ being the thermodynamic potential per electron, k and T have their neual 
signifloanoe. 

The numerical values of J'(^) and for different values of can be 
obtained from the tables for Fermi-Dirao integrals given by MoDougall and 
Stoner ( 1938 ). 

To the same approximation, the paramagnetic susceptibility per unit 
volume is given by 

kT Fin)' 


(5) 


which is just three times the diamagnetic susceptibility. 

The resultant susceptibility, namely, K Kp + K^, will therefore be 
paramagnetic. 

Let us define the degeneracy temperature Tg of the gas by the usual 
expression 

n^CJk ( 6 ) 


h* (3n\* 


(7) 


where is the value of ^ at the absolute zero of temperature, or the maximum 
kinetic energy of an electron in the gas when it is completely degenerate. 
At very high temperatures, F'/F tends to reach asymptotically the 

value 1 , and the two susceptibilities will then conform to the Curie laws 


= Kp 


kT’ 


(8) 


respectively. At very low temperatures, T < Tg, the expressions for the two 
susceptibilities will reduce to the temperature-independent values 




2A!r„ 


and 




3n/i* 

^0 


( 9 ) 


3. Effbot of thb lattice field 

When the electrons are not quite free, but are under the influence of the 
lattice field, as the conduction electrons in any actual metal are, the ex¬ 
pressions for the two susceptibilities, partioulariy for the diamagnetic 
susceptibility, will naturally be complicated. But in the special case, which 
is of practioal interest, when the surfaces of constant energy of these 



Magneiio and other properties of the free electrons in graphite 171 

eleotroDB in k-tspoae^ may be repiesented by the family of Bimilar ellip- 
Boids, 

( 10 ) 

the two Busoeptibilities can be evaluated easily (see Mott and Jones 1936 , 
chap. VI, §6.2). We shall take the number of electrons per unit volume of 
this gas also to be n, and denote the various quantities relating to this gas 
by the same letters as for the free-eiectron gas, but with the subscript g 
attached to them. 

The degeneracy temperature T^g of this gas can be shown to be related to 
that of a free-eleotron gas of the same density by the equation 

yos = J’o(ai«*«3)*- (11) 

The effect of the lattice field is thus to increase the degeneracy temperature 
by a factor Its effect on the paramagnetism of the electron gas, 

given by expression ( 6 ), will therefore be to increase the argument in the 
functions F' and F from ly to 7 ^, where 

Vg * (12) 


At high temperatures, Tp 7g^ the paramagnetic susceptibility will thus be 
the same as for a free-electron gas of the same density, nfunely. 


(13) 


At low temperatures, T^T^g, when the gas is completely degenerate. 




as compared with the value 


3n/t» 
~ 2kTg 


(14) 

(16) 


for a fim-eleotron gas of the same density. 

Considering next the effect of the lattice field on the diamagnetism of these 
electrons, we may notice here that the effect is two-fold. The first is due to 
the increase in the degeneracy temperature, by the factor (aia,a,)i, and will 
* ib is hem taken to be equal to 1/A, whore A is the electronic wave-length. 
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be similar to the effect of the lattice field on the paramagnetism of the gas. 
The second is more direct and arises from the fact that the kinetio energies 
of the electrons conform to equations of the type (10), which shows that the 
electrons behave as though their ‘effective masses’ were m/a|(t» 1,2,3), 
instead of m. This will be so in the equations of motion of the electrons in the 
magnetic field also. Taking the direction of the magnetic field to be along 
the s-axis of the energy ellipsoid, the equations of motion of the electrons in 
the xy-plane will thus differ from the equations for free electrons in having 
an effective magnetic moment in the place of for the free 

electrons. The diamagnetic susceptibility along the s-axis will therefore be 
given by 


UT 


3kTF(ri,) 


(16) 


where ifg has the value (12). Hence at high temperatures, 



(17) 

and at low temperatures, 



(18) 

«/t«/a;aSy 
a, } • 

(19) 


On comparing (17) with (13), and similarly (18) wdth (14), it will be seen that 
the ratio of the diamagnetic to the paramagnetic susceptibility is no longer 
equal to but is equal to When lajce, is very largo, the paramagnetic 
part of the susceptibility will become relatively insignificant. 


4. GBAPinTE A smxABLB CBYSTAL FOB STUDYING 
THE FBOPEBTIB8 OF AN ELECTBON GAS 

The conditions obtaiiung in the crystal of graphite, as we shall see 
presently, are exceptionally favourable for verifying some of the results 
given in the previous section. Graphite, as is well known, is a hexagonal 
crystal, with a perfect basal cleavage. The carbon atoms in it are arranged in 
layers parallel to the basal plane, the atoms in each layer forming a regular 
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hexagonal network. The distanoe of sepuation between adjacent layers is 
3*40 A, which is much larger than the distanoe betvreen adjacent atoms in the 
same layer, namely, 1*42 A, which shows that the binding between adjacent 
layers is extremely loose, and is probably of the van der Waals type. 

The diamagnetic properties of this crystal have been studied by us in 
detail in some recent papers (1934, 1037, 1930). The spedfio susceptibility 
per g. of the crystal perpendicular to the hexagonal axis, Xx, is about 
-0*6x 10-*, which is nearly that of diamond. On the other hand, the 
susceptibility along the hexagonal axis, Xv numerically very large, and it 
varies much with temperature. Atroom temperature;^, is about —21*6 x 10“* 
per g., and is thus more than 40 times Xx* 

The abnormal part of the susceptibility of graphite, which we may take as 
equal to Xi - Xx* which we shall denote by Xe, appears to be the contribu¬ 

tion &om the free or the mobile electrons in graphite. We shall assume that 
it is so, and further that an explanation can be found for the absence of a 
paramagnetic contribution from these electrons. The experimental finding 
that Xe directed wholly along the normal to the basal plane then indicates 
that the mobility of these electrons is practically confined to the basal plane. 
Adopting the language of the Bloch theory this would mean, in view of the 
layered structure of graphite, that the mobile electrons belonging to any 
given layer of carbon atoms, parallel to the basal plane, are tightly bound to 
the layer, the probability of their migrations to the adjacent layers being 
very small. This is indeed to be expected from the large separation, which we 
referred to just now, between adjacent layers, and the looseness of the binding 
between them. 

Though the mobile electrons belonging to any given basal layer are 
tightly bound to the layer, the magnetic data require, as wo found just now, 
that there should be large movements of these electrons in the plane of the 
layer. The magnetic data further require, as we shall find in § 6, that those 
movements in the basal plane should be completely fi%e, i.e. quite unin- 
fiuenced by the lattice field. 

We thus have in graphite a particularly simple model of an electron gas, 
the electrons behaving in their movements in the basal plane as though they 
were completely free, and in their movements perpendicular to the plane as 
though they were tightly bound. Moreover, as we shall again find in §6, 
the number of mobile electrons is just one per carbon atom, and this finding 
further enhances the simplicity of the model. 

Now the observed large temperature variation of Xt si^ows that the 
electron gas in graphite should have, in spite of its large density, a low 
d^neracy temperature. This result, as we shall show in § 8, is a consequence 
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of the tight binding of the eleotrona along the hexagonal axis, and the 
peculiar structure of the Brillouin zones of the crystal 
The electron gas in graphite, conforming as it does to a simple model 
which is amenable to easy theoretical treatment, and having a low de¬ 
generacy temperature which is conveniently accessible in the laboratory, 
offers a very suitable medium for studying the magnetic and other pro¬ 
perties of an electron gas. 


6. The maonbuo data for orafhitb 

Detailed measurements of the temperature variation of the diamagnetic 
anisotropy of graphite, namely, Xi — X±> denoted by Xe> from the tempera¬ 
ture of liquid oxygen to about 1270“K, were given by us in a previous paper 
( 1939 ). These data need some supplementing. In the first place there was a 
gap between 90 and 130“ K in the low temperature measurements, since we 
used a liquid bath of light petroleum ether for maintaining steady tempera¬ 
tures in the cryostat, and the liquid became too viscous for use below about 
130“ K. The only temperature lower than this, at which measurements were 
made, was that of liquid oxygen itself. The region included bet>ir^n these 
two temperatures is rather important, since Xi ~ Afx almost Independent 
of temperature at 90“, while at 130“ it has a large temperature coefficient. 
We have now made measurements in this region, with a new type of 
ciyostat* in which the use of a liquid bath for maintaining steady tempera¬ 
tures is eliminated altogether. 

Secondly, the high temperature measurements were made previously in¬ 
side a furnace from which oxygen from air could not be wholly excluded. 
There was consequently a alight oxidation of the graphite crystal at high 
temperatures. Immediately i^r each magnetic measurement, the crystal 
was quickly cooled and its mass determined; this was taken to be the mass of 
the crystal when the measurement at the high temperature was made This 
would make the numerical values of Xi - Xx reported before for the highest 
temperatures slightly too high. We have now repeated these measurements 
in an air-tight furnace in an atmosphere of nitrogen, and under these condi¬ 
tions there was no detectable change in the crystal even at the highest 
temperatures. These new values of X|—Xx *re found to differ only slightly 
from the old values, and both the sets of values are included in the present 
paper. 

* Wo wish to express here our thanks to Mr Akshayananda Bose for designing the 
cryostat. A detailed dosonption of the apparatus will be published by him elsewhere. 
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6. DlSOtrSSION Olf THB HAONETIO DATA 

Plotting the valuee of - Xj. = Xu per gram of graphite against the reoi- 
prooal of the temperature, we find (see figure 1) that at high temperatures 
the susceptibility tends to reach asymptotically the value 

Xe»-0010/7’, 

and at low temperatures it tends to reach the temperature-independent 
value 

X*=-30xl0-«, 

and the curve in general resembles closely the theoretical susceptibility 
curve for a free-electron gas whose enei^ distribution conforms to Fermi- 
Dirao statistics. 



On more detailed examination of the curve we find that the high tempera¬ 
ture values, namely, Xc ™ ~ O-OIO/T, conform closely to the formula 


01 ^ N/t* 

rp 3^. 


( 20 ) 


where A is the atomic weight of carbon and N is the Avogadro number.* 

* We may mention here that the volume susceptibility K and the speoiflo suscepti¬ 
bility X are connected by the relation 

KIn-AxIN. 


(20o) 
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Similarly the temperature-independent value of Xt temperatures 

conforms to the formula 

4Xe--360xl0-»--^. (21) 

where has the value 620° K. At all temperatures, in the range investi¬ 
gated, the curve is found to fit well with the formula 




Nii*ru 

zka' F(iiy 


(22) 


in which the value of ^ is the same as for a free-eleotron gas whose de¬ 
generacy temperature is 620° K. In other words, iht observed electronic 
susceptibility of graphite per carbon atom is the same as the Landau suscepti¬ 
bility per electron of a free-eUetron gas having a degeneracy temperature of 
620° K. The curve drawn in figure 1 is indeed the theoretical curve calculated 
on this basis, and the straight line passing through the origin represents the 
line 


^X€=- 


UT' 


which the theoretical curve tends to reach at high temperatures. It will be 
seen that the experimental values, represented by the circles, lie close to the 


This experimental finding may be taken to indicate that the number of 
mobile electrons in graphite is just one per carbon atom, and that the movements 
of these electrons in the basal plane are completely free and uninfluenced by the 
lattice field. From the point of view adopted in § 3, these conclusions may be 
expressed in the following form: first, that v, the number of free electrons 
per carbon atom, is equal to unity, and secondly, that and a,, which de¬ 
termine the freedom of movements of these electrons in the basal plane, are 
also equal to unity. 

It should be mentioned immediately that these conclusions do not follow 
uniquely from the magnetic data. On comparing the experimental relations 
(20) and (21) with the theoretical relations (17) and (18) resiiectively, and in 
view of (20a), one can see that the experimental data merely require that 

ra,a, = 1. (23) 

The obvious conclusion that we drew from the magnetic data in the previous 
paragraph, namely, that 


and » a, ■■ 1, 


(24) 
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is only a partioular solution. This solution, however, appears from other 
considerations to be the most probable one. For example, it fits well with the 
modem qnantal views regarding the electronic structure of aromatic mole¬ 
cules in general, and of graphite in particular—indeed each layer of carbon 
atoms in graphite may be regarded as a giant aromatic molecule—according 
to which one electron per carbon atom is free to migrate from atom to atom 
over the whole condensed network. Incidentally such a migration is also the 
solution for the sixty-year-old controversy regarding the location of the 
extra bonds in the benzene ring—the bonds are not localized at all! (Ingold 

1938)- 


7. SUBFAO&S OF CONSTANT BNEBOY IN 1;-8PA0B AFPBOXIBIATELY 
A SET OF COAXIAL OYLJNUBRS 

For a free-electron gas containing as many electrons per c.c. as there are 
carbon atoms per c.c. of graphite, one can easily calculate the degeneracy 
temperature, with the help of equation (7), and it is found to be about 
98,000® K. Now the observed degeneracy temperature of the electron gas 
in graphite, namely 520® K, is -fig of this value. From the magnetic data it 
was deduced in the previous section that the number of free electrons in 
graphite, namely v per atom, is given by the relation m,a, = 1. For this 
density of electrons, remembering that the effect of the lattice field is to 
increase the degeneracy temjierature by a factor (aia,a,)^ (see (11)), we 
obtain 

= 620®=! 98,000®xv*x(a,a,aa)i, or aiOj/o, = 190*, (26) 

which indicates a very high eccentricity for the ellipsoidal surfaces of con¬ 
stant energy in the /b-space. Indeed the eccentricity is so large that one may 
regard these surfaces as a set of coaxial cylinders, with their common axis 
along the ‘c’ axis of the crystal. 

Now the ‘ effective mass ’ of an electron is I /a, times the actual mass, where 
(Xi has the value or a, for motion in the basal plane, and the value oc, for 
motion perpendicular to the plane. The very large value of aiaja^ obtained 
in (26) indicates that the effective mass for motion perpendicular to the plane 
is enormous, as indeed it should be, because of the tight-binding of the 
mobile electrons to their respective layers. The effective mass for motion in 
the basal plane will be much smaller, and if we adopt the conclusion pro¬ 
visionally accepted in the previous section, namely = a, = 1, it will be 
just the Mtual mass. 
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8 . BanxotTiK zokes or qbaphitb 

We shall next consider these results in relation to the Brillouin zones in 
the crystal. The unit cell of graphite has the dimensions 

a » 2-46, c«6>79A, 

and it contains four atoms of carbon. The structure factors for the various 
crystallographic planes are given in table 1 (see Mott and Jones 1936 , 
p. 103). 

Table 1 

Plane {ITO, 0) {2Z0,0} {SH, 0} {OOO, 1} {000, 2} 

SI 1 4 0 4 

The energy discontinuities across ( 000 , 2}, and across {2lT, 0 } are the 
strongest. Let us consider the Brillouin zone in ib-space (ib is taken to be equal 
to 1 /A, as before) bounded by these sets of planes. It will be a flat hexagonal 
prism of the second order, with its axis along ‘ c ’. The height of the prism will 
be 2 /c, and its cross section, by the basal plane, will be a regular hexagon of 
side 2l{^3a) (see figure 2 , the inner hexagon). The volume of this Brillouin 



zone in the k-space will be 4^3/(a^). >Sinoe each unit volume in the k-space 
will correspond to two electrons per unit volume of graphite, and since the 
atomic volume of carbon in the crystal is ^3a*c/8, it can be readily seen that 
the above Brillouin zone can contain just three electrons per carbon atom.* 
The energy discontinuities at all the faces of the zone are large, and hence 
these three electrons in each carbon atom may be regarded as forming a 
closed group. 

* The Brillotun zone described by Mott and Jones on p. 163 of their book is really 
this thiee-eleoteon zone. 
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There is a bigger zone which can just accommodate all the four valency 
electrons of the carbon atom, namely, the one bounded by { 000 , 2 } and 
{23 o, 0 }. This zone also is a flat hexagonal prism, of the same height as 
before, but of the first order, whose cross-section is a hexagon of side 4/(3a) 
(the outer hexagon in figure 2). But the energy discontinuities across {220, 0 }, 
as will be clear from the values given in table 1 , are small. 

We mentioned just now that the three electrons per carbon atom that can 
be accommodated in the smaller Brillouin zone, whose boimding faces are 
all surfaces of large energy discontinuity, may be regarded as forming a 
closed group. The remaining electrons, namely one per carbon atom, may 
occupy any of the outer zones. Using reduced wave numbers, it can be easily 
seen that there is much overlapping of these zones into one another, and on 
this account the maximum kinetic energy of the electrons will be much 
smaller than it would be otherwise. Further, in view of the small value of a, 
(which is only 1/190* of a^a^, the electrons will take up all the permitted 
values of k, in the zones under consideration right up to the boundary surface 
parallel to the basal plane. For the same reason, neither nor k^ will reach 
high values; in other words, along the x and y directions the zones will be 
‘nearly empty’. In terms of the Brillouin zones, one thus gets a natural 
explanation why in spite of the large density of free electrons in graphite, 
namely one per atom, the degeneracy temperature is so low, and also why 
for motion in the basal plane (i.e. in the xy-plane) the electrons behave as if 
they were completely free, whereas for motion along the normal to the plane 
(i.e. along the z-axis) they behave as if they were tightly bound. 


9. An AliTKRNATIVK VIRW OB' THB FBBB-BLEOTBON 
DIAHAONBTISM OF OBAFHITE 

We have seen that a particularly simple solution of the experimental 
finding that =■ 1 is to put 

Fal and 

and that this solution receives much support from general structural con¬ 
siderations, and also from a consideration of the Brillouin zones. Assuming, 
for the sake of argument, that this solution is not acceptable, the only other 
permissible solution seems to be to regard the larger Brillouin zone, which 
can accommodate all the four valency electrons, as the proper zone, and to 
attribute the diamagnetism to the few electrons that may overlap into the 
next zone, v will then represent the number of such overlap electrons per 
atom, and will be much less than unity. The surfaces of constant energy in 
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the li-spaoe in the r^on immediately outside any pair of parallel surfaces 
{23o, 0} bounding the Brillouin zone may still be represented by ellipsoids 
of the type ( 10 ), the origin of the coordinate system being now taken at the 
surface. Taking the z-axis as before along the ‘c ’ axis of the crystal, and the 
z-axia along the normal to the surfaces of energy discontinuity under con¬ 
sideration, it can be shown (see Mott and Jones 1936 , p. 84) that both atf 
and 03 should be of the order of unity, whereas Oi should be very large; 
indeed the larger it is, the smaller is the energy discontinuity. The relation 
deduced froiA the observed degeneracy temperature of the 
electron gas in graphite will then give for the value 

ai~190». 

Such a large value of indicates an extremely small energy discontinuity 
at the surface, of the order of 10 ~* or 10 "' electron volt, and this will be the 
case at all the { 2 ^ 0 , 0 } faces of the four-electron Brillouin zone. We may then 
legitimately disregard these discontinuities altogether, regard the one 
electron per carbon atom that cannot be accommodated in the smaller 
Brillouin zone to be effectively free, and shift the origin of the coordinate 
system to the beginning of the one-electron zone. We will then have 

v=l, ai = a,= l, a,= l/ 190 ». 

This is precisely the first alternative view, which we had adopted. 

In other words, in order to explain, on the second alternative view, the 
experimental finding that the number of electrons overlapping beyond the 
four-electron Brillouin zone bears a definite relation to the a’s in the basal 
plane—the relation being vaiOig = 1 —the energy discontinuities across the 
{ 220 , 0 } planes have to be negligibly small. The existence of the discon¬ 
tinuities can then be ignored altogether, in which case the second alternative 
view reduces itself to the first. This is very gratifying. 


10. Absbncb of sfin-fabamaonetish 

Now we have to explain why the spin-paramagnetism of the free-eleotrons, 
which normally should have predominated over their diamagnetism, is 
practically absent. According to the second alternative view proposed in the 
preceding section, this is merely a consequence of the large value of ctiOj/S, 
which, as we noticed in §3, represents the ratio of the diamagnetic to the 
paramagnetic susceptibility. But we have already preferred, on other 
groimds, the first alternative. The absence of paramagnetism has then to 
be explained in the following manner. Each permitted energy level of the 
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deotron gaa oan 'aooominodate, aooording to Pauli’s exclusion principle, two 
electrons, with opposing spin moments. I^der the conditions usually obtain¬ 
ing in an electron gas all the lower energy levels will be so occupied by electron 
pairs, but some of the higher energy levels, near about Co = ^oo> ^ ^ 
occupied by single electrons, and the higher the temperature the larger will 
be the number of such energy levels occupied by single electrons. In graphite, 
in order to explain the absence of paramfl^etism, we have to assume that all 
the occupied energy levels are occupied each by a pair of electrons, and none 
of the levels by single electrons. This will be the case if there is some coupling 
between the opposite spin moments, and the eneigy of coupling is large in 
oomxiarison with iT even at the higher temperatures of our measurement, 
and therefore large in comparison with JkTg^ also. Such a pairing of the elec¬ 
tron spins is indeed contemplated in the quantal theory of the mobile 
electrons in aromatic molecules. 

In spite of such a coupling—^which will result in an energy level being 
either occupied by an electron pair or not occupied at all—if the occupied 
energy levels are so closely spaced that they may be regarded as almost 
continuous (this condition is satisfied ordinarily), the energy distribution 
MuU be practicaUy the same as when the spin-spin coupling is absent. The 
coupling will not therefore affect the diamagnetism of the electron gas, and 
the temperature variation of the diamagnetism will still be in accordance 
with the statistics of Fermi and Ihrac, as is actually observed. 

At sufficiently high temperatures, however, we should expect the para¬ 
magnetism to become more and more important relatively to the Landau 
diamagnetism of the electrons, and ultimately to predominate over the 
latter in the ratio of 3 :1. 

Thus in addition to the observed degeneracy temperature of 620° K, 
which when multiplied by Jb represents the maximum kinetic energy which 
an electron in the gas will have at very low temperatures, there must be 
another characteristic temperature 2^ for the electron gas in graphite, much 
higher than 520° K, such that JkTl will represent the energy of dissociation of 
the components of a pair of electrons with opposite spins The temfieraturo 
T, will be somewhat analogous to the Curie temperature of a ferromagnetic 
body. 


11 Thk Landau diamagnetism and the Fermi-Dibac 
ENERGY distribution OK THE ELBOTBON GAS 

Treating the abnomal diamagnetism of graphite as the Landau dia¬ 
magnetism of its electron gas, we found that the various results deduced 
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from the magnetic data are just what we should expect fipom other and 
independent considerationB. Arguing conversely, we may regard the ob¬ 
served magnetic data for graphite, especially at very high and very low 
temperatures, at which the magnetic behaviour is particularly simple, as 
providing an experimental demonstration of Landau’s value for the dia¬ 
magnetism of an electron gas. The r^on that we have studied extends from 
the completely degenerate to the almost completely non-degenerate state; 
and includes in particular the region of transition from the one to the other. 
The close agreement between the theoretical curve plotted in figure 1, 
calculated on the basis that the enei^ distribution of the electrons is in 
accordance with Fermi-Dirac statistics, and the experimental values may 
therefore be regarded as verifying experimentally the Fermi-Dirac distribu¬ 
tion over the whole range from temperatures very much lower than the de¬ 
generacy temperature to temperatures much higher than the latter. This is 
very gratifying, since ordinarily it is only the degenerate state that is 
accessible for experimenting, whereas for verifying the Fermi-Dirac distri¬ 
bution, it is the transition region between the degenerate and the non¬ 
degenerate states that is most interesting. 

In conclusion we wish to express our thanks to Dr D. N, Wadia, Govern¬ 
ment Mineralogist at Ceylon, for his kind present of some of the graphite 
crystals with which the measurements described in this paper were made. 

Befsbbnoes 

Oanguli, N. 1936 PhU. Mag. 21, 3S5. 

Ingold, C. K, 1938 Proc Roy. Roe. A, 169, 149. 

Krishnan, K. 8 . 1934 Nature, Land., 133, 174. 

Krishnan, K. S. and Oanguh, N. 1937 Nature, Lord., 139, 166. 

- 1939 Z. Krietattogr. A, 100, 630. 

Landau, L. 1930 Z Phya. 64, 029 

MoDougall, J, and Stonor, E. C, 1938 Phtl. Tnme. A, 337, 07. 

Mott, N. F. and Jonos, H. 1936 The theory of the -propertree of metals attd alloys. 
Oxford Univ. PrHss. 

Stonor, E. C. 1935 Proc. Roy. Soa. A, 162, 072. 



Radio echoes and cosmic ray showers 
By P. M. S. Blacsbtt, F.R.8., and A. C. B. Lovbix 
{Received 22 October 1940) 

It ia suggested that tho origin of some of the transient lonio olouiis, gener- 
cdly assumed to be responsible for the low level uporadio radio reflexions, 
may be due to large oosmio ray showers. 

It is shown that oasoado cosmic ray showers of sufficient energy to produce 
some of these radio reflexions certainly exist, but there is insufficient 
published evidence to decide whether any of the echoes already observed are 
actually due to such showers. More conclusive evidence could be obtamed 
from the fretiuenoy-size distribution of the radio ochoos observed from a 
horizontal or vertically directed beam. 

1. Intboduotion 

The anomalous ‘scattering’ of radio waves into the normal skip zone 
was reported by Eckersley in 1920 and subsequently by many other 
workers. Though the majority of these eehoes appear to originate in the 
E layer (Appleton, Naismith and Ingram 1937), the work of Watson Watt, 
Wilkins and Bowen (1937), Appleton and Piddington (1938), Colwell and 
Friend (1936, 1939) and others have proved the existence of reflexions 
from levels as low as 10 km. Little definite is known of the magnitude or 
frequency of these low level sporadios, but the work of Appleton and 
Piddington (1938) suggests reflexion coefficients of the order of 2x 10~* 
to 10~*, while the frequency of occurrence appears to be of tho order of 
several per minute both day and night.* 

It is generally assumed that these sporadic reflexions in E regions must 
be due to transient iomc clouds, but a variety of opinions has been ex¬ 
pressed Eus regards both the nature and origin of the tropospheric soat- 
tering centres. Suggestions have been made that they may be caused by 
solar activity, aurora phenomena, thunderstorms, meteorites and water 
vapour discontinuities. The object of this note is to draw attention to the 
possibility that some of these reflexions, particularly those at low levels, 
may be due to the ionization produced by large cosmic ray showers. It 
will be shown that tho detection of these showers by modem high power 
pulse transmitters, such as are nowadays used in ionospheric and tropo¬ 
spheric investigations, should certainly be possible. 

• Eckersley ( 1940) found one per 30,000 km.Vaeo. in tho E layer, and a oompoeito 
plate in the paper of Watson Watt et at. (1937) shows tho frequency of ooourrenoe of 
the low level sporadios to be about ten tunes as great. 

[ 183 ] 
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2 . COMFABISON or aNSBOIBS 

A coamio ray shower of high energy produces a long narrow cylinder of 
ionisation traversing the whole atnuMphere. Consider a shower at a dis¬ 
tance Jt from a powerful radio tnuismitter with a wave-length A large 
compared with the diameter of the column of ionisation. Diffraction theory 
shows that the amplitude of the reflected wave at the transmitter will be 
approximately equal to that which would be produced by a point cluster 
of n ions, where n is the number of ions contained in a column, whose 
length L is that of the first Fresnel zone, that is, where 

From the cascade theory of showers, it can be calculated that the 
maximum number of electronic ions produced per centimetre of air at a 
pressure p, expressed as a fraction of an atmosphere, by an incident 
electron of energy U, is roughly given by 

n => ilO-^p£. (1) 

Thus the number of electrons in the equivalent point cluster is 

N^nL^i ( 2 ) 

If the reflexion coefficient p is defined as the ratio of the reflected amplitude 
to that incident on the cluster, then a point cluster of N electrons at a 
distance R from the sender will have a reflexion coeflicient 


where r 

me* 

Considermg ( 2 ) and ( 3 ) we obtain for the reflexion coefficient of a shower 
of energy E at a distance R, 

p^{lQr*pErJ^ ( 4 ) 

For instonoe, putting p = 2 x 10"*, p «I, A =60 m., /i= 10 km. we get 
E = 2 x 10^* eV. Now showers of nearly this energy have already been 
observed directly by Auger and his collaborators (1939), J&nossy and 
Lovell (1938), Lovell and Wilson (1939) and others. We conclude therefore 
that cascade cosmic ray showers certainly exist of suflicient energy to 
produce measurable radio reflexions. 


( 3 ) 


= 2-8 X 10 cm. 
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3. FMlQirKNCY-8IZE DI8TBIBUTIOK 

Whether some of those reflexions already observed are from such cosmic 
ray showers is difScult to decide without more evidence than appears to 
be available at present of the frequencies of the echoes. The frequency- 
size distribution of the echoes fiem cosmic ray showers will depend on the 
energy spectrum of the incident rays. Consider first, the reflexion of a 
nearly horizontally directed radio wave by a nearly vertical shower. If, 
as is probable, the number of rays with energy above E, falling on unit 
area from a nearly vertical direction is roughly of the form 

(6) 

then the numb er of ra ys of energy greater than E which fall within a 
distance R and R + dR from the sender, will be equal to 

vdR^2n~iRdR. ( 6 ) 

Substituting E from ( 4 ) we get 

t;di? = "lO-“ap«r«A^. ( 7 ) 

We see therefore that the number of echoes between ranges R and R + dR 
with reflexion coefiicients greater than p is inversely proportional to />*, 
but is independent of the range R. If the observed echoes from a hori¬ 
zontally directed radio beam are found to obey this relation, it will be 
strong evidence that the echoes are from showers. 

From the work of Auger (1939), it can be calculated that 

G{E) 1*6 X 10-*/cm.*/min. for S « 10“ eV, 

whence as;l-6x I0*^/erg8*/cm.*/min.''^ Taking again p=l, A = 60 m., 
we find 

vdR = 10-“d«//>». (8) 

The number of echoes with reflexion coefficients greater than 10 * observ¬ 
able over a range SR = 10 km. should therefore be about one per minute. 
The observed echoes appear to occur with a frequency of this order of 
magnitude. 

If we now consider a radio transmitter giving a directed beam vertically 
instead of horizontally, then it is clear that it will be the horizontal 
showers which give echoes. To take into account the decrease of pressure 
upwards we can write p = in ( 7 ). The frequency of the echoes will 
therefore fall off exponentially with R, in contrast to the case of a hori- 
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zontally directed beam, which is shown above to give a frequency in¬ 
dependent of B. 

Numerical calculation shows that the observed B level sporadica are 
much too frequent to be explained in this way, and therefore are probably 
to be attributed to some other cause than cosmic ray showers. 

With any normal radio transmitter, radiating in all directions, the 
frequency-size distribution will be too complicated to allow an easy test 
of the theory. 


4. Duration of thb kciiobs 

The duration of an echo will be the lifetime of the free electronic ions, 
and this is governed mainly by the rate of attachment to molecules. Thus 
the duration of the echoes will be roughly inversely proportional to the 
pressime, and will have a value of 10~‘ to 10~* sec. at ground level and of 
the order of a second at 100 km. Thus, though the amplitude of an echo 
will decrease with the pressure, its duration will increase in the same pro¬ 
portion, leaving the product of amplitude and duration unchanged. It is 
possible that some types of receiving apparatus may not detect the very 
short echoes from low levels as easily as the smaller but longer echoes from 
greater altitudes. This might give an apparent maximum frequency of 
detectable echoes at a considerable altitude. 


6 . C0NC1.U.HION 

If the suggestion put forward here, that radio echoes should be detect¬ 
able firom cosmic ray showers, is substantiated by experiment, a new arid 
powerful technique will be available for cosmic ray research, especially 
for the investigation of the energy spectrum at very high energies. 
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The mobility of positive ions in their own gas 

By R. J. MmisoN, Ph.D., and A. M. Tyndall, D.So., F.R.S. 
H. H. Waia Phyaieal Laboratory, University of Bristol 

(Received 9 Scptemher 1940) 


Valuen for the mobility of positive ions of neon m neon, argon in argon, 
krypton in krypton and xenon in xenon have been obtained m pure gas. 
It is possible to deduce the mobility of an ion of the same mass as the gas 
atom from the known values for alkah ions m the gas on the assumption 
that the same mass relationship holds In each case the observed value is 
considerably leas, the ratio of the two being of the order of 0-60-0'75. This 
result may be attributed to tho phenomenon of electron exchange in the 
case of ions m their own gas which does not arise with alkali ions. 

The variation of mobility with field B and pressure p has been studied. 
In Kr and Xe there is a marked fall of mobility with mcrease of Ejp, at 
higher values the velocity of the ion mcreasmg m a linear manner with 
increase of 


In 1931 Tyndall and Powoll determined the mobility of positive ions of 
helium in very pure helium. The clustered ions, due to gross impurity, with 
which all the early mobility measurements wore carried out, could be fairly 
easily eliminated, but the authors showed that when small traces of impurity 
were present secondary processes in the path of the point discharge, from 
which the ions were derived, produced other types of ion to an extent out 
of proportion to the concentration of the impurity. 

They tried also to make similar measurements on ions in their own gas 
using neon, argon and krypton, but the results were never published because 
of their indefinite nature. Owing no doubt to residual impurity more than 
one group of ions was obtained, neon and argon giving two and krypton 
several groups. Attempts to purify the gas still further by electrodeless 
discharge in situ altered the relative abundances of the groups and some¬ 
times added others, leaving the results still ambiguous (l^dall and Powell 
1931). Helium has an advantage over these gases in that a charcoal-liquid 
oxygen trap can be inserted between the measuring tube and tho last stop¬ 
cock. The gas can thus be led through the trap and kept in connexion with it 
during measurements. For the other gases the charcoal must be removed, 
so that the gas is more liable to contamination. For this reason they turned 
their attention to the alkali ions which, owing to tho low ionization potential 
[ 187 ] 
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of alkali atoms and the abeenoe of eleotrons and metastable atoms from the 
discharge, do not demand so high a criterion of purity. 

Later, Mitchell and Ridler (1934) were able to make nitrogen pure enough 
to determine the mobility of Nf in N, (2*67). Similarly, Mitchell (Tyndall 
igj 8 ) found a value for Hi' in H, (14*7). 

Recently the technique of the gas purification has been improved, notably 
(Munson and Tyndall 1939) by the introduction of mercury traps instead of 
stopcocks requiring tap grease in the gas plant. In view of the present use 
of discharge tubes containing inert gases, a reinvestigation was therefore 
made in 1030, the results of which are here recorded. 

The apparatus was the same as that employed in recent work on alkali 
ions except that the source of ions was a platinum wire rounded in the blow¬ 
pipe to a sphere of about 0*6 mm. diameter and placed a few millimetres 
from a perforated platinum plate, through which positive ions were dragged 
to the first shutter of the mobility apparatus. The holes in the platinum plate 
were staggered with respect to those in the shutters in order to prevent 
radiation from the corona from reaching the electrometer plate and causing 
a background of current at all frequencies due to photoelectric emission. 
With Xe, COj slush had to be substituted for liquid oxygen on the traps. 
Mercury vapour at least was thus exoludbd. 


Besults 

In view of the data obtained for alkali ions on the variation of mobility 
with field £ and pressure p, values for Ne+ in Ne, A+ in A, KLr+ in Kr and 
Xe+ in Xe have been obtained at various values of Ejp. These are shown 
graphically in figure 1 a, b. The graph for neon is of a type similar to those 
obtained by Hershey (1939) for potassium ions in various gases. The argon 
graph over a more extended range of Ejp might possibly have assumed a 
similar form, but the use of higher values of Ejp was prevented because of 
the incidence of glow discharge throughout the tube. The results for Kr and 
Xe are very striking. If the mobility is constant at low values of Ejp it is 
only so over a very limited range, after which it falls off rapidly. To em¬ 
phasize the contrast between this and the behaviour of an alkali ion, results 
for C8+ in Xe are also included in the graph. 

In the collected results in table 1 for the mobility kg at Ejp = 0, obtained 
by extrapolation, the last figiue in the values for Kr and Xe must be 
regarded as somewhat uncertain, as may be seen from the form of the graphs 
themselves which are drawn on the assumption that the mobility tends to 
a constant value at very low Ejp. The earlier result of Tyndall and Powell 
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for He is inoladed in the table for oompletenees. In column three the 
mobility for the alkali ion having the same electronic configuration aa 
the gas atom is also given for comparison. It will be seen that in all oases the 
ion of the gas itself has a lower mobility than that of the corresponding 
alkali ion. Full data are available for idl the alkalis in these gases from which 
graphs representing the variation in a given gas of the mobility of a mon- 



a, Ne+ in Ne; b, A+ m A, e, Kr*^ in Kr; d Xe*^ m Xe; e Ob'- in Xe 
Fioubb 1 

atomic ion with its mass may be drawn. From these we may deduce the 
value of the mobility of an ion of the gas itself, it if be assiuned that its 
mass is the determining factor. The values are given as in column 4 ; 
the helium value must be regarded as very doubtful due to the extent of 
extrapolation required. The ratios kff|k^l are recorded in column 5 . 


Qas 

Table 1 

fc. 

ki, 

kjku 

Helium 

21-4 26 » (Li) 

28-8 

0-74 

Neon 

6-23 8-70 (Na) 

8-93 

0-70 

Argon 

1-03 2-81 (K) 

2-77 

0 70 

Krypton 

0-94 I-ST (Rb) 

158 

0-60 

Xenon 

0-68 0-97 (Cb) 

0-98 

0-66 
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Aa has been pointed out (e.g. lyndall 1938), the law of foroe between an 
alkali ion and a gas atom differs in one fundamental respect from that 
between an ion of the same gas as the atom. In the former case, owing to the 
relatively low ionization potential of the alkali atoms, exchange forces are 
absent. In the latter case the probability of electron exchange between the 



a, Krt^ m Kr; b, Xa+ in Xe 
PrauBK 2 

two colliding bodies is a maximum. Now the statistical effect of electron 
exchange is equivalent to an increase in the number of collisions between ion 
and atom. Consequently one would expect the mobility of an ion in its 
own gas to be less than that which would be deduced from the consideration 
of mass alone. The ratios given in column 6 ranging between 0*60 and 0-74 
may thus be regarded as a measure of the effect of electron exchange. A 
similar result was found by Mitchell and Bidler for Njf* in N|, but in this 
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oaae the ratio waa higher (0*925). Without a wave meohanioal treatment of 
the mobility problem it is not possible to say whether thin differenoe in 
order of magnitude is connected with the diatomic nature of both ion and 
molecule in nitrogen. 

By making the arbitrary assumption that the velocity distribution 
remains Maxwellian at all values of Ejp Hershey has extended Langevin’s 
theory to show that the relation between mobility and Ejp is of the general 
type found by him for K+ ions in various gases and now by the writers 
for Ne'*' in neon. It would appear that any classical model leads one to 
the conclusion that provided Efp is sufficiently great the velocity of an 
ion in the field should vary linearly with {Ejp)*, In figure 2 the results 
for krypton and xenon are shown with velocity plotted against (Efp)^. 
It will be seen that above about Ejp >= 36 for Kr and 50 for Xe this linear 
relationship is obtained. 
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The mobility of alkali ions in gases 
IV. Measurements in gaseous mixtures 


By H. G. David, B.So., and R. J. Munson, Ph.D. 

H. U. Wills Physical Laboratory, University of Bristol 

(Communicated by A. M. Tyndall, F.S.S.—Received 0 September 1940 ) 

The inobilitiee of some of the alkali »ona have been measured m binary 
mixtures of the inert (tases. Blanc’s relation that the reciprocal of the 
mobility 18 a linear function of the concentration of one of the constituents 
IS accurately obeyed in all cases except for Li+ in He-Xe mixtures, where 
the maximum deviation is 4 %. 

With clustered Li+ ions m mixtures of water vapour and an inert gas 
deviations from this simple relation are observed and increase in magnitude 
progressively with the density of the gas These deviations, due to the polar 
nature of the water molecule, can be explained by assuming a gradual 
increase in the size of the clustered ion with mcrease in the percentage of 
water va{Kiur. 

The first measurements of the mobility of ions in mixed gases were made 
by Blanc (1908) with mixtures of carbon dioxide and air, and carbon dioxide 
and hydrogen. He found in each case that the reciprocal of the mobility 
was a Imear function of the concentration of the constituents for both 
positive and negative ions. Similar experiments by Przibram (1912), 
Wellish (1909), lA>eb and collaborators (1928) with various mixtures showed 
that in some oases the reciprocal relation held whilst in others it did not. 

This earlier work, in which the ions were loaded with clusters of impurity 
molecules, does not provide an entirely satisfactory test of this relation or 
of any of the others proposed owing to the uncertainty in the nature of these 
clusters. In this paper the problem is re-oxaimned at 20 ° C using (a) alkali 
ions and pure inert gases in which no clusters are formed on the ions and 
(b) clustered alkali ions in mixtures of an inert gas and water vapour in all 
proportions. 


Inbbt oas mixtubes 

Blanc’s relation would appear to follow directly from momentum con¬ 
siderations if (a) the ratio of the field E to the pressure p is small, (6) p is 
sufficiently low that the effect of three-body collisions may be neglected and 
(c) the nature of the ion does not change with gas composition. Conditions 
(a) and (6) were satisfied in all the experiments described herein. With regard 
[ 192 1 
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to (e) the experiments of Mnnson and Hoselitz (1939) on alkali ions in pure 
inert gases show that above a given oridoal temperature no attachment of 
gas atoms to an alkali ion takes place. Reference must however be made to 
the results of Loeb and his collaborators for ions in hydrogen mixed with 
various polar gases (Loeb 1926, 1928) in which a marked divergence from 
Blanc’s relation was found. Taking ammonia in hydrogen as an example, 
loeb suggested that the divergence from the relation was due to the high 
dielectric constant of ammonia which gives rise to a local concentration of 
ammonia molecules in the neighbourhood of the ion, so that the measured 
mobility corresponds to that for an ammonia concentration greater than 
the average. But Langevin treated the case of an ion moving in a gas, the 
molecules of which acquire induced dipoles in the field of the ion and showed 
that the mobility is inversely proportional to the pressure of the gas, in 
agreement with experiment. In other words, this effect is already allowed 
for. Oite would not expect that this conclusion would bo upset by the 
presence of another gas relatively unpolarizablo unless condition (6) is 
violated. Consequently in the case of mixtures of the inert gases the 
mobilities should obey Blanc’s relation. 

Experiments were made with Li'*' and K-*- ions in A-Xe mixtures and 
Ce+ and Li-*- ions in He-Xe mixtures. The apparatus and experimental 
methods of Part I (Munson and Tyndall 1939) were employed and the 
mobilities measured over a considerable range of fields and pressures. This 
paper, however, only deals with those at low values of Ejp. p ranged from 
3 to 12 nun., so that the mean intramolecular distance was of the order of 
10* atomic radii. 

The results are shown in figures 1 and 2. It will be seen that the linear 
relation holds quite accurately in three of the four graphs, the only exception 
being a small deviation in the case of Li'*' in He-Xe In this case a graph 
drawn through the experimental points would have a small curvature so 
that at intermediate concentrations it woxild be slightly above the theoretical 
straight line shown in the figure. The deviation is of the order of 4 % at 
20 % Xe, which we regard as beyond the limits of experimental error The 
reason for the deviation in this one case is nut clear. It has previously been 
shown that even at room temperature a li-*- ion can unite with two Xe 
atoms to form a stable molecular ion so that two groups of ions, one clustered 
and the other unclustered, appear in the mobility analysis; but as it was 
always possible to distinguish between the two groups the values for the 
monatomic Li^ ions are not affected. An experimental argument against 
the view that the deviation is due to a local concentration of the more highly 
polarizable Xe atoms in the neighbourhood of the ion is that the deviation 
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is not shown in the case of the more slowly moving ion Cb+. It might alter¬ 
natively be suggested that Li+ spends a finotion of its life attached to a Xe 
atom, but this is not borne out by the fact that in pure xenon its mobility iu 
common with the other alkalis is givenby the mass relationship ka{ 1 -h m/Jf )^, 
where m is the mass of the gas atom and M the mass of the alkali atom. 



WaTKB VAPOOE-INEBT OAS MIXTtTEBS 

The experimental technique detailed in Part 1 (Munson and Tyndall 
1939) was followed in these experiments. By making measurements in each 
mixture over a wide range of values of E and extrapolating to £ = 0 the 
mobility of an ion was deduced under conditions in which its attached 
cluster of water molecules was in thermodynamical equilibrium with its 
surroundings. All the mobility data given below refer to clustered ions in 
this state. The total pressures of the mixtures which were used ranged 
between about 2 and 7 mm. 

An extensive series of measurements was made with the clustered ions of 
lithium and figure 3 shows the results obtained with binary mixtures of 
water vapour with helium, argon, krypton and xenon. The reciprocal of 
mobility is plotted against percentage of water vapour and a smooth curve 
drawn through the experimental points for each gas. The points at low 
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percentages and at 100 % were taken firom the data given in Parts I and III 
(Munson 1939) of this paper. It should be emphasized that no attempt has 
been made in figure 3 to represent the rise in mobility which must occur at 
extremely low concentrations of water as the percentage tends to zero and 
the ion becomes unclustered. 



Fioubk 3 

It will be seen that in H,0-He mixtures Blanc’s relation is accurately 
obeyed, but that in mixtures with the other gases the deviations are con¬ 
siderable and increase progressively through the series. Theobserved mobility 
is less than that calculated from the reciprocal law, the difference reaching 
a maximum in each case at about 30 % H,0, where for A it is 4 %, for Kr 
7 % and for Xe 9 %. , 

Some measurements were also made with the clustered ions of caesium 
in mixtures of water vapour with helium and with argon. The results for 
the He mixtures are shown in figure 4, the point at 100 % H,0 being omitted 
in order to illustrate more effectively the deviation from Blanc’s relation 
at small percentages. For the purpose of comparison the graph for lithium 
is also included. The results for the argon water mixtures are given in 
figure 5 the curve for the Li+ cluster being included for the same reason. 

In aU oases in which a deviation from Blanc’s relation is observed it is 
similar in character to that found by Loeb and his collaborators with polar 
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moleonlee in hydrogen. Though Langevin’s treatment of mobility does not 
consider the case of permanent dipoles, we are not oonvinoed that any 
change in the law of force between an ion and a gas atom which permanent 
dipoles would require is able to explain these deviations. We turn, therefore, 
to an explanation in terms of actual attachment. 



Fiodbe 4 

Consider an alkali ion in an inert gas containing a small amount of water 
vapour. In the equilibrium state the average number of water molecules 
attached to the ion will depend on the concentrations of both water vapour 
and inert gas. The mean size of the cluster will increase when the concentra¬ 
tion of water is increased; but also, since the bombardment of the cluster 
by inert gas atoms tends only towards its disintegration, a decrease in the 
concentration of the inert gas will have a similar effegt on the cluster size. 
If the total pressure of the mixture is kept constant, as was approximately 
true in these experiments, the equilibrium size of the cluster will increase 
as the percentage of water vapour is raised, qualitative considerations 
suggesting that the growth will be rapid until a monomolecular shell has 
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formed around the ion. Any water molecule in a second layer would have a 
comparatively short life of attachment owing to the mu(^ smaller energy 
which would be necessary to detach it from the cluster. But as the water 
vapour pressure is further increased the frequency of these brief attachments 
will increase and since their effect will be equivalent to an increase in the 
mean size of the cluster, it may be anticipated that the early rapid growth 
will be followed by a further and much slower growth until finally the 



Fiuubb 6 

medium consists entirely of water vapour. It is clear that the initial growth 
rate will depend on the binding energy of the ion and water molecule and 
will therefore be much more rapid with a small ion like Li'*' than with a large 
ion like C8+. 

In view of these changes in the mass and size of the ion with change in 
water vapour concentration it is not to be expected in general that Blanc’s 
relation should hold. 

In figure 0 let the point A represent the observed mobility of a clustered 
Vol. 177 
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ion in an inert gas containing a small trace of water vapour and the point B 
that in pure water vapour. If the average number of molecules in the duster 
at is and at is n, then the mobilities of dustered ions which have con¬ 
stant water contents of and f4 molecules will be represented by two straight 
lines AA' and BB'. If the duster grows between A and B in the manner 
outlined above we may expect the experimental graph to be of the form 
shown by the fiiU line. 



Fiuubr 6 


Returning to figure 3 it will be observed that in the case of Xe the 
experimental points at the higher water percentages lie approximately on 
a straight line and that the whole graph is similar in form to the curve in 
figure 6. On the assumption that the number of molecules in the duster 
is constant at these higher percentages the point corresponding to R' in 
figure 6 can be obtained by extrax>oIation of this straight section to zero 
concentration as indicated by the dotted line in figure 3. From this value 
of 0*84 for the mobility one can deduce an up^ier limit to the mass of the 
duster by the method described in Part I of this paper. The value obtained 
corresponds to a cluster of 14 water molecules round the Li+ ion. For such 
a large ion, however, the simple mass relationship ka,(\+m/M)^ does not 
hold and the msignitude of the deviation varies rapidly with the ‘diameter’ 
of the ion. Without any knowledge of the change in the effective cross- 
section of the ion with change in the number of water molecules attached to 
it any estimation of the number from the observed mobility must therefore 
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be regarded as highly speculative and the most one can say is that it is 
almost certainly lees than 10 for li+. 

The results on mixtures of water vapour with krypton and argon are still 
less open to quantitative treatment but are not m disagreement with this 
conclusion. 

The graphs in figure 3 appear to show that the changes in the mass and 
size of the ion as the water vapour concentration in the mixture is increased 
have a negligible effect in helium in which Blanc’s relation holds, but that 
their effect increases with increase in mass of the gas atom. This would 
follow from the form of the mass factor if the main effect of further loading 
was due to the consequent increase in the mass of the ion. But in view of the 
accompanying changes in size it is doubtful whether this furnishes a full 
explanation. 

Finally the graphs in figures 4 and 6 give support to the view expressed 
above regarding the influence of the size of an ion upon the growth of its 
equilibrium cluster with small and mcreasing percentages of water. In the 
case of helium water vapour mixtures the graph for the Cs'*' cluster is curved 
below 16 % MjO but above this point is sensibly straight. The interesting 
feature of this curve is that it crosses the graph for the Li'*' cluster at about 
5 % H, 0 , whereas the straight line through the points at the higher per¬ 
centages does not. This suggests that the Cs-** cluster is still growing appre¬ 
ciably long after the Li+ cluster has practically ceased to grow The results 
for the argon water vapour mixtures are not so convincing, since the graphs 
for both clustered ions are curved at low percentages, but the extent of the 
curvature is slightly greater for caesium than for lithium. 
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The mobility of alkali ions in gases 
V. Temperature measurements in the inert gases 
By K. Hoskultz 

H. H. WtUa Physical Laboraiory, University of Bristol 
(Communicated by A. M. Tynddtt, F.S. 8 . — Received 9 September 1940) 


The variatiou with temporaturo of the mobility of Li'*' ions m hehum, K+ 
ions in argon, ions in krypton and Cs'*' ions in xenon has boon measured 
ovor a considerable range of temperature. Comparison of the results with 
existing olossical theories suggests that the approximate agreement found 
by Pearce ovor a similar range of temporaturo for 08+ and Na'*' in He does 
not hold in general. A quantum mechanical treatment for each mdividual 
case seems to be required and for this purpose the experimental data here 
recorded should be of value. 

In view of the value of information on the variation of the mobility of a 
gaseous ion in the theoretical development of the subject, data were 
obtained by Tyndall and Pearce (1935) for He+ in He, N,+in N, and by Pearce 
(1936) for Na+ and Cs+ in He. 

The present paper describes the extension of the experiments to ions and 
atoms of similar electronic structure, i e. Li^ in He, K+ in A, Rb+ in Kr and 
Cs+ in Xe. 

The method employed was that used in the previous work and the 
apparatus and procedure was similar to that used by Pearce. The only 
important changes wore that ion glass sources were used and precautions 
to exclude gas impurity increased (Munson and Tyndall 1939). 

The experiments were made over as wide a range of temperature as 
possible. The lower limit was set by the nature of the gas and the cold jacket 
temperatures conveniently available. Thus hehum was investigated down 
to liquid hydrogen temperature, but xenon could not be used below solid 
CO, temjierature because its saturation pressure is then too low. The upper 
limit was set by unsteadiness in the electrometer behaviour due to strain 
set up in the insulating distance pieces or by the electrical condition through 
the hot pyrex glass. 

All the values, with one exception (K+ in A at 460° K), were determined 
by several runs at various values of field R and pressure p, the value finally 
quoted being given by extrapolation to R/p = 0. 

[ 800 1 
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Results 


The results are collected in table 1 in which kp is the mobility at constant 
(normal) pressure and k^ at constant density. Thus k^ = k^ 291/T. 


Li+ in He 


r* K k, kp 

20 -6* 141 20 0* 

78 S-Se 21-8 

90 e-8S 22-2 

196 160 23-9 

273 — — 

291 26-8 26 8 

370 — — 

389 37-2 27 8 

400 — 

460 

466 - - — 

460 — — 

483 48 6 29 2 


Table 1 
K+ in A 



0-35 1-30 

0-47 1 62 

1- 666 2-34 

2 - 81 2 81 


4-226 3 07 


4-67 2 96 


Kb+ ui Kr 


0 364 1-16 

1- 06 1-67 

I 48 1-676 

1 68 1 68 

2- 26 1-69 


2 67 1-64 


C«+ in Xo 



0 684 1 02 

0 943 1 006 

101 101 

1-286 l-Ol 


1 69 1-03 


The values of k^ are also shown graphically in figure 1 for convenience on 
a logarithmic scale. In figure 1 a full lines give Li+ in He together with the 
previous experimental results of Pearce (1936) for Na+ and 08+ in He. For 
reasons given later, the C8+ graph is repeated with a different origin in the 
upper half of figure I a, and the scale omitted. Figure 16 gives the results 
in the other gases. It will be noted that in Pearce’s result for 08+ in He k^ 
passed through a maximum within the experimental range of temperature. 
If a corresponding maximum occurs for 08+ in Xe it must be very flat 
because no change in k^ was detectable within the range of temperature 
available, 196-460° K. The mobility of Rb+ in Kr at constant density also 
appears to reach a constant value as the temperature is raised. Except for 
the highest point in the K-* m argon graph the values for both K+ in A and 
Li+ in He are still rising even at the highest temperatures The highest point 
for K+ in A could not be checked, owing to groat electrometer unsteadiness, 
whereas the other points were repeated several times. The suggested maxi¬ 
mum in this graph is therefore doubtful. At the temperature of liquid 
hydrogen any error in assuming that the mean temperature of the gas is the 
same as that of the bath is magnified five times. The lowest point for Li+ 
in He is therefore, if anything, somewhat too high. Indeed there is some 
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evidence that the gas temperature there exceeded that of the bath by 1'3°. 
If so the value of at the lowest temperature should be 18'8 instead of 20*0. 



Fiouhe 1 . Full linos, oxponmontal. Dotted Imes, (c) centres of force model, 

(d) elastic sphere model 

Discussion 

Theoretically it should bo possible to develop a general wave mechanical 
treatment of the mobility problem in terms of known laws of force; but it 
would be very laborious. Since electron exchange does not take place 
between an alkali ion and an inert gas atom it has previously been suggested 
that in such cases one might not go seriously wrong by substituting a classical 
model. There are two such models available' (a) Langevin’s theory in which 
ions and atoms are assumed to be elastic spheres, the atoms being polarized 
in the field of the ion, and (6) Hass^ and Cook’s theory m which the elastic 
spheres are replaced by point centres of attractive and repulsive force each 
varying by an inverse power law with distance. For mathematical con¬ 
venience the powers were assumed to be 5 and 9 respectively. 

Clearly Langevin’s model is relatively crude but it is interesting to note 
that at room temperature it gives absolute values for the mobility of all the 
alkali ions in all the inert gases agreeing with the experimental results to 
within the order of 6 % (Tyndall 1938). One objection to Hass6 and Cook’s 
model is that a model of this character applied to collisions between neutral 
atoms can only be fitted to experiment by using a power of repulsive field 
higher than 9, the power used varying from case to case (Lennard-Jones 
1931). Also the use of a single term to the power of 5 for the attractive field 
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is not justified. Another objeotion is that in a wave meohanioal treatment 
the repulsive field follows an exponential law with distance and thus an 
inverse power law for the repulsive field cannot be correct. The reaction 
between atom and ion when they are within close range may consequently 
be very different from that given by the classical model. 

At the same time in the absence of a general wave meohanioal analysis 
one would expect on general grounds a better agreement with experiment 
by replacing the concept of elastic spheres by point oentre84)f forces provided 
the most suitable power law could bo found. For this reason Pearce compared 
his experimental results on the temperature variation for Na+ and C8+ in 
He with the two theories and showed that they bracketed his results in such 
a way as to suggest that by using a power law of repulsion higher than 9, 
say 13, a better agreement could be reached. It is therefore natural to make 
a simil ar comparison with the new results recorded above. 

Pearce (1936) plotted the values of certain parameters and attempted to 
fit the graph so obtained to the experimental graph of log with log T by 
keeping the corresponding pairs of axes parallel and shifting the point of 
origin of one of the graphs imtil the best possible fit is obtained. If the fit 
is good then the values of the arbitrary constants in the theoretical expression 
can be deduced from the intercepts of the axes. If the fit is only fair the 
deviation suggests the direction in which modification in the theories are 
required. In figure 1 the two dotted graphs (c) Langevin, (d) Ha8s6 and Cook, 
are taken from Pearce’s pajwr and fitted in this way to his results for Cs+ 
in He. It was the way in which the theoretical curves bracket his results 
that led him to suggest that a power of repulsive force higher than 9 might 
give a much better fit. 

But when one apphes the same process to the results of this paper shown 
in the other graphs in the figure, it is fairly obvious even by eye that no 
appreciable portion of the theoretical graphs (c) and (d) can be fitted to the 
experimental results by shifting them by movements parallel to the axes. 
It is true that Li+ in He, though giving no certain fit anywhere, falls with the 
other ions in He within the bracketing scheme, but the graphs for in A, 
in Xe and Bb+ in Kr are quite different in shape and slope and clearly 
cannot be reconciled with the theoretical graphs. These results make it 
clear that the partial success of the classical model in He is not obtained in 
other cases. Moreover, the fact that, on comparing the various results, the 
deviations from the theoretical graphs are so widely different in character 
strongly suggests that each case must be treated separately and caimot be 
expressed in such simple terms as those on which the classical models are 
based. A quantum mechanical treatment for each individual case seems to 
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be required and it is hoped that the experimental data here recorded may 
ultimately be of use in this connexion. 

The writer wishes to express his indebtedness to the University of 
Bristol for a research grant and to Professor Tyndall for valuable discussions 
and help during the course of the work, and to Mr H. G. David who took the 
measurements on lithium ions in helium. 
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The seasonal variations of cosmic-ray intensity and 
temperature of the atmosphere 

By a. Dupbbibb, So.D. 

{Communicated by P. M. 8 . Blackett, F.JR. 8 .—Received 4 March 1940 
—Revised 18 Odober 1940) 

A careful exanunation of the upper atmospheric data for F.urope and the 
Umted States indicates that the mean temperature of the upper atmosphere 
m sjiring differs from that in summer more than from tliat in winter. The 
magnitude of the second difference as defined by (1) depends on the height 
of the atmosphere which is considered and is a maximum at a height of about 
6 km. and changes sign at heights above 12 km. (figure 1). 

Tins lag in the warming of the atmosphere m spring is found to be paral¬ 
leled by a lag in the diminution of intensity of the cosnuo-rays. 

A similar phenomenon is found in autunm. Tlie cooling of the atmosphere 
as a whole is found to be leas between summer and autunm than between 
autumn and wmter, though the effect is markedly less definite than m spring. 

The cosmic-ray variations are found to be correlated more closely with the 
mean temperature of the atmosphere up to 16 km. than with the tempera- 
tiiro near the ground This provides additional support for the theory of 
Blackett that the temperature variation of penetrating cosmic-rays is 
related to the instability of the mesotron. 

The temperature coefficient of the cosmic-rays as deduced from the 
seasonal data is found to be 0 IS %/“ C, and this is in rough agreement with 
the prediction of the theory. 



The seasonal variations of cosmic-ray intensity 


1. iNTEODUOnOK 

It is known that the oo8niio-ra3r8 intensity, as observed in various parts 
of the world, shows an annual variation inverse to that of the temperature 
near the ground. Blackett (1938) has attempted to relate this temperature 
effect with the instability of the mesotrons which form the main part of 
the penetrating component, and has thus explained the decrease of cosmic- 
rays intensity as being the consequence of the greater distance which the 
mesotrons have to travel to reach the sea-level in a warm atmosphere owing 
to its greater extension upwards. 

In order to test this theory, Blackett pointed out that the observed 
intensity variations should be correlated with the mean temperature of the 
atmosphere up to the height where the penetrating component is supposed 
to be formed, rather than with the temperature near the ground as has been 
done hitherto. 

The main difficulty of carrying out this lies in the fact that we have not 
at our disposal many observations of the temperature of the atmosphere 

at those localities where the cosmic-ray observations have been carried out. 
However, if we abandon at present the possibility of correlating the monthly 
values and confine ourselves to the seasonal variations, it is found possible 
to correlate the cosmic-ray observations at a few stations with the meteoro¬ 
logical observations at similar geographical positions. On the other hand, in 
many cases only the seasonal temperatures of the free atmosphere have 
been published, while the cosmic-ray data must generally be deduced from 
diagrams showing the monthly changes. 

The majority of upper atmospheric observations have been made in 
Europe between latitude 40° N (Madrid) and 60° N (Pawloswk) and in the 
United States between 33° N (Dallas) and 47° N (Ellendale). For this 
reason, we have confined our study to the cosmic-ray observations which 
are listed in § 3. 


2 . Thb seasonal temperature chanob op the free atmosphere 

It is well known that the difference of mean temperature near the ground 
between winter and spring is less than the difference between spring and 
summer. Here the seasons are defined as usual, i.e. winter is defined as 
December, January, February, etc. 

The upper atmospheric data for Europe compiled by Wagner (1931) in the 
Handbuch der KhnuUologte show that the difference is still greater in the 
upper atmosphere than near the ground. If Ty /, TJjp,, are the tern- 
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peratures of the atmoaphere in winter, spring, summer, autumn respectively, 
then we can call the quantities 

the second differences of the seasonal temperature for spring and autumn 
respectively. 



Fiaujuc 1. Variation of Hpring nooond temperature difference of free atmoephere 
with height. 

h'igure 1 shows for Europe plotted against the height from the ground. 
This figure shows that up to a height of about 11 km. the increase of tem¬ 
perature of the atmosphere in Europe between spring and summer is greater 
than that between winter and spring, but that at greater heights the 
difference becomes reversed. The maximum value of the second temperature 
difference occurs between 6 and 7 km. 

We can summarize these results for Eiuope by saying (a) that the tem¬ 
perature of the troposphere in spring is nearer to its temperature in winter, 
but that (6) the temperature of the stratosphere in spring is nearer to its 
temperature in summer. 

Lennahan (1938} has shown that in the United States the result (a) is true. 
It appears, however, from Lennahan’s results, that the levels at which the 
maximum and zero values of the second temperature difference occur are 
about 10 and 15 km., that is, appreciably higher than in Europe. 
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The same type of phenomenon ooours in autumn. Here the temperature 
differenoe between summer and autumn is less thsm that between autumn 
and winter. However, the differenoe is not so great as in spring and the 
phenomenon is clearly more oomplicated. 

The oharacteristios of the rise and fall of seasonal atmospheric tem¬ 
peratures in the first 7 or 10 km. are no doubt due to the fetct that the air 
nearest the ground becomes warmed or cooled more rapidly than the air 
at greater heights with the advance of spring or autumn respectively, and 
also to the fact that the temperature mean lapse rates in the lower layers 
are greater in summer than in winter. From 7 km. upwards the air in spring 
becomes more and more rapidly warmed as the height increases On the 
other hand, the same upper atmosphere data show that the average annual 
amplitude of the monthly means of temperature first decreases rapidly in the 
first 2 or 3 km. then increases very slightly,and finally starts to decrease again 
at the height of 7 km., where the second difference of the seasonal temperature 
reaches its maximum. It is possible that this latter effect of the annual 
amplitude and the more rapid warming of the air, which together determine 
the change of the second difference at 7 km , may be connected with the 
ozone content of the atmosphere, which is known to become appreciable 
in the upper troposphere and to have a maximum early in spring at the 
latitudes we are here considering. 

In spite of the change of sign of the second temperature difference at 
great altitudes, the mean temperature of the atmosphere up to 16 km. m 
spring is nearer to that in winter than to that m summer, and this difference 
is clearly greater here than near the ground. 


3. The oobbelation between the seasonal vabiations of 

COSMIC-BAY INTENSITY AND TEMPEBATUBE OF THE ATMOSPHBBB 
In our study we have utilized the following observations of cosmic-rays: 


Locality 

Table 1 

Latitude 

Observer 

Amsterdam 

62’’ 4 N 

Clay and Bruins (1939) 

Paoifio Ocean 

48 '’- 6 N- 33 '’ l S 

Compton and Turner (1937) 

Hafclekar (near Innsbruck) 

47 " 3 N 

Oemmelmair (1937) 

Cheltenham (U.8.) 

38"-7 N 

GiU (1939) 

Potsdmn 

52"-4 N 

Miczfuka (1939) 

Capetown 

34 " 8 

Schonland, Delatizky and 


Qaskell (1937) 


In all these investigations the ionization chamber with which the measure- 
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menta were made was suffioiently shielded, e.g. by 10 om. or more of lead, 
to cut out the soft radiation. 

We will first consider the conclusion to be derived by averaging all the 
above observations. 



The full curve of figure 2 A gives the mean variation of penetrating cosmic- 
ray intensity with the seasons as deduced from the six series of observations 
of table 1 The same curve is repeated in figure 2B. We have included the 
observations made in Cajjetown because it is probable that at this latitude 
the mean temperature of the upper atmosphere does not differ very appre¬ 
ciably from that of the corresponding northern latitude, m spite of the 
different distribution of lands and seas in the two hemispheres. 

The dotted curve of figure 2 gives the mean temperature neor the ground for 
the four seasons, expressed as a difference from the annual mean. Figure 2 B 
gives the mean temperature up to 16 hm., which is calculated by averaging 
over the sepeurate mean temperatures ascribed to the different stations under 
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oomddertktion. In both the oaaes the sign of the temperature is reversed in 
order to bring out clearly the correlation between the two phenomena. 

The cosmic-ray intensity is certainly correlated better with the mean 
temperature of the atmosphere up to 16 km. than with the temperature 
near the ground. The lag in the warming of the atmosphere in spring is 
clearly very well paralleled by an equivalent lag in the decrease in intensity 
of the oosmio-rays. 

In order to test the significance of such a correlation with so few pairs of 
data, we will make use of Fisher’s method of calculating the probability, P, 
that the observed correlation should arise by random sampling from un- 
correlated observations. We therefore calculate the correlation coefficients, 
r^, between the seasonal average changes of the cosmic-ray intensity 
and the changes of temperature (a) near the ground and (b) of the free air 
up to 16 km. 

We obtain the following values: 

(a) ( 6 ) 

ffg = - 0-983 = - 0-996 

P-2% P<0-4% 

Although both the coefficient and its significance are greater in the second 
case, one would consider the difference as being not entirely convincing. 
However, as the correlation between the two temperature changes is also 
very great ( + 0-98), it is permissible to calculate the partial correlation 
coefficients r', e.g. the correlations between the cosmic-ray intensity and one 
of the two temperature changes when the other is supposed constant. Wo find 

/,^ = -0-12, <„ = -0-89. 

It therefore seems that it is the average temperature of the free atmosphere 
that determines the temperature effect of cosmic-ray rather than the 
temperature near the ground. The recent study of Longhndge and Gast 
( 1939 ) concerning the changes in cosmic-rays intensity at the fronts 
separating different air masses leads to the same view. 

If the mean temperature of the atmosphere up to some other height than 
16 km. is evaluated, e.g. up to 10 or to 20 km., the correlation with cosmic- 
ray intensity is found to be appreciably worse. Though of course the com¬ 
parison is not very sensitive to the height, this result does support roughly 
the assumption made by Euler and Heisenberg ( 1938 ) that the mesotrons 
are formed at about the maximum of the transition curve for vertical rays. 
This is also in agreement with the results recently obtained by Dymond 
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( 1939 ) and showing that the intensity of vertioally directed mesotrons rises 
to a maximum at about the same hmght. 

Table 2 gives the value of the temperature coefficient, a, of the total 
cosmic-ray intensity for the six localities of table 1 , as deduced by the 
various observers. Each value is an average over a period of a year or more. 

Tablk 2 

Temperature coefficient 
%/“C 
-0 21 
-0 12 

-0‘lfi±0 02 
-008 
-016 

-0 18 ±0 01 
Mean —0 16 

Table 3 gives the seasonal values of a as deduced from the results contained 
in figure 2 A and B, for all six localities taken together. 

Tablr 3 

From (6) with the 
From (a) with the temperature of the 
temperature near upper atmosphere 
the mound up to 16 km. 

7oro %rc 

-O-U -0-19 

-0 37 -0 19 

-0 18 -0 21 

-0 14 -0 13 

Moan -0-21 + 0-08 -0-lR-(-0-026 

The greater regularity of the values in the second column shows in another 
way the better correlation of the penetrating cosmic-ray variations with 
those of the temperature of the atmosphere up to 16 km. 

The mean value of — 0-18%/®Ci8 quite consistent with the observed mean 
life-time of the mesotron. A recent survey of the evidence as to the life-time 
of the mesotron has been given by Rossi ( 1939 ). 

In addition to the data of table 1 , ivith fully shielded ionization chambers, 
some data with partially shielded chambers have been given by Clay and 
Bruins, Demmelmair, Miczaika and Schonland, Delatizky and Qaskell. Such 
data included some part of the soft radiation as well as the hard. 


Winter 

Sprmg 

Summer 

Autumn 


Locality 
Amatordam 
Capetown 
Cheltenham 
Hafelekar 
Potsdam 
Pacific Ocean 
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The full curves of figure 3 A and B give the mean results of these observa¬ 
tions. The dotted curve of figure 3A gives the mean temperature near the 
ground and that of figure 3B the mean temperature up to 16 km. expressed 
as before. It is more diffloult in this case to say which temperature is the 
more suitable. The correlation coefficient appears to be greater with the 



Fioubk 3. Correlation of temperature ehau^ of atmosphere and cosraio-ray intensity 
m partially shielded ohambors. A, temperature near ground; B, mean tein])eraturo 
up to 16 km. 

temperature near the ground than with the mean to 16 km., but its signi¬ 
ficance is slight. Probably the cosmic-ray results with partially shielded 
chambers are subject to the influence of radon, and the amount of this 
present in the lower atmosphere may depend on the temperature of the soil. 
According to the measurement of Zupancic ( 1934 ) the exhalation of radon 
during the day is about 1'6 times much as during the night, having a 
minimum in January and a maximum m June. 
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4. Notes on the data of table 1 

The results of Compton and Turner ( 1937 ) cover a wide range of latitude, 
but use has here been made only of those results which refer to geomagnetic 
latitudes between 42*5 and 52°*6N. Compton and Turner defined the 
seasons as 

Winter SpnnK Bummer Autumn 

8 N 0 V.-I 8 Jan. 17 Mar.-20 May 22 May-5 Aug. 18 Aug.-24 Oct. 

In our analysis, correction has been made for this fact to bring these results 
into agreement with the usual definition. 

The mean variation of cosmic-ray intensity with the seasons as obtained 
by Compton and Turner shows a much better correlation with the mean 
temxierature of the atmosphere up to 16 km. than with the temperature 
near the ground, both temperatures being expressed as a difference from the 
annual mean. 

A simitar result* is shown by the observations of Clay and Bruins ( 1939 ), 
using the upper atmospheric data deduced irom sounding balloon observa¬ 
tions made in Lindenberg, Kew and Trappes, and by the observations of 
Miozaika, ( 1939 ) using those of Lindenberg. Since Lindenberg is near 
Potsdam and since the monthly values are available, wo will for comparison 
give the annual variation as represented in figure 4. 

It is shown that the monthly data, like the seasonal data, indicate the 
better correlation with the temperature of the atmosphere. 

On the Hafelekar at a height of 2*3 km. the seasonal variations of the 
upper atmospheric temperature, as deduced from meteorological data 
obtained in Munich and Vienna, are very similar to those of the temperature 
near the ground, so that the two correlations with the penetrating cosmic- 
ray observations of Demmelmair ( 1937 ) are very similar. 

On the contrary, the observations of Gill ( 1939 ) in Cheltenham (U.S.A.) 
show a better correlation with the temperature near the ground than with 
that of the upper atmosphere, as deduced from sounding balloon observations 
made in other localities of the United States However, the decrease of in¬ 
tensity of the cosmic-rays from winter to spring appears excessive in relation 
even to the corresponding increase in temperature of the ground. Further, 
a careful examination of the meteorological results up to heights of 5 or 6 km. 
obtained by kites and aeroplanes (appearing in Lennahan’s work already 
quoted), and corresponding to stations very near and around Cheltenham, indi¬ 
cates that in those regions the lag in the warming of the atmosphere in spring 
is practically constant and smaller than the normal for the United States. 
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Now, if the r^ons near Cheltenham obey the apparently general law of a 
quicker wanning in spring above a certain height, the mean upper atmo¬ 
spheric temperature above Cheltenham in spring would be nearer the mean 
temperature in summer than the mean temperature in winter. As a con¬ 
sequence, even in this case which appeared at first sight to be an exception, 
the correlation of the cosmic-ray intensity with the mean upper atmospheric 
temperature would be still better than with the mean temperature near the 
ground. If this argument is correct, the observations of cosmic-rays would 
have served to foretell the general trend of the mean temperature of the 
atmosphere up to a height extending several kilometres into the strato¬ 
sphere. 



Fiouas 4. Correlation of tem})«rature change at Lindenberg with oosmio ray 
intensity at Potsdam. A, cosmic ray mtensity, B, temperature near ground; 
C, mean temperature up to 16 km. 


Because of lack of sufiicient upper atmospheric data in latitudes of the 
southern hemisphere similar to that of Capetown, it is not possible to say 
whether the results of iSchonland, Delatizky and Gaskell (i 937 )would corre¬ 
late better with the temperature near the ground, or that up to 16 km. 

For the ssune reason we cannot use the observations of Uill ( 1939 ) in Christ¬ 
church (43°'5 S). In addition, in this case the observations cover only nine 
consecutive months omitting the summer period. 

Vd 177 A »4 
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Again, the observations at Teoloyucan (19°*8N) and at Huenoayo 
( 11 S) lie outside the range of latitudes for which the meteorological data 
are sufficient to allow us to know the seasonal characteristics of the upper air. 
The comparatively low value of the temperature coefficient near the equator, 
found by Gill at Teoloyucan, is in agreement with Blackett’s ( 1938 ) theory, 
but unfortunately insufficient upper atmospheric data exist to make a 
detailed comparison possible. 


Notes added later 

After this work was completed several other papers concerning the 
temperature effect of oosmio-rays have been published. 

The correlation made by Beardsley ( 1940 ) between the cosmic-ray 
intensity at Cheltenham and the upper air pressures and temperatures, as 
observed by radio-sonde balloons sent up nearly every day during the period 
covered by the observations, shows that the changes in air temperature up to 
a height of 10 km. follow quite closely those near the ground, but that at 
greater heights the changes are widely different This result seems to be in 
agreement with the discussion given above in § 4 of the special condition 
apparently existing near Cheltenham. 

Beardsley finds that up to 10 km. the correlations between cosmic-ray 
intensity and air temperature are not appreciably different from that based 
on ground temperature, and that this correlation is negative and very close 
to unity. Above 10 km. the observed correlation decreases but changes sign 
as the height increases. This would mean that the temperature averaged 
over a height of 15 km. would be less closely correlated with the cosmic-ray 
intensity. 

On the other hand, Beardsley's results also show that changes in pressure 
at the height of 6 km. are closely correlated with the cosmic-ray changes 
and, what is more remarkable, remain so correlated up to 15 km. As the 
height change dz corresponding to a pressure change dp depends on p (that is, 
dz = -gdpjRTp), those results would not give support to the interpretation 
based on the instability of the mesotron. The reason for this lack of accord 
might be that it is not generally possible to eliminate for observations 
extending over a period of only one year influences on air pressure other 
than temperature. For such a short period of observations consideration 
to the different types of weather should be given. 

Hess ( 1940 ) by analysis of the observations of the cosmic-ray ionization 
on the Hafelekar during five years has found a seasonal variation with an 
amplitude of - 1 - 0*0 %. He finds, however, by correlation with the ground 
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temperature, that the temperature ooeffloient of cosmic radiation shows a 
very marked seasonal change from — 0-12 %/° C in vrinter to — 0-055 %/° C 
in summer. 

The reasoil lor this variation in the temperature coefficient may be due 
to the use of the ground temperature for the correlation instead of the 
mean atmosphere temperature. For the departures of the monthly ground 
temperature frrom the annual mean at Hafelekar seem to be smaller in 
winter than in summer, competed with the similar departures for the 
average temperature of the upper air up to 15 km. As we have not at our 
disposal upper atmospheric data over Hafelekar, use can be made of the 
upper data at Munich and Vienna for comparison. Table 4 gives the monthly 
departures from the annual mean of the temperature near the ground, as 
observed at Hafelekar during the period 1936-7, and from the average air 
temperature up to 15 km. as deduced firom sounding balloon data at Munich 
and Vienna. These two departures are represented by dl), respectively 
in the table. 

Table 4 

Jan. Feb. Mar. Apr. May June 

AT, -6-02 -6-12 -6-62 -1-62 +2-63 +5 08 

AT, -6»6 -4-25 -4-26 -2-6() +1-30 +4 46 

July Aug. Sept. Oct. Nov. Deo. 

AT, +7-98 +7-48 +608 -2-82 -2 42 -3 82 

AT, +6-26 +6 20 +4-66 +2-10 -1 46 -6 06 

We see from the table that for the six months from October to March 
taken together d2^/dr„ = 0-79, and for April to September ATJAT„ = 1-23. 
Thus Hess’s factor 2 between the temperature coefficients for winter and 
summer would have been reduced to 1-29 if the atmosphere temperatures 
had been used. 

Finally, Nishina, Sekido, Simamura and Arakawa ( 1940 ) have studied the 
effect of air masses, particularly of cyclones, on the intensity of cosmic-rays in 
Japan. They find that the passage of a warm air mass tends to decrease the 
cosmic-ray intensity and that of a cold air mass to increase it. A similar 
decrease is found when they consider the approach and passage of a warm 
front, but no effect appears at all at the passage of a cold front. As this latter 
result is, as the authors point out, in conflict with that of Longhridge and 
Gast ( 1939 ) for cold frxmts, one is led to recognize the necessity for a more 
detailed knowledge of the variation from region to region of the various 
weather types. 
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A thermodynamical theory of the tensile strength 
of isotropic bodies 

By R. FCbth, Edinburgh 

{Communicated by M. Bom, F.B.8.—Received 24 April 1940— 
Revised 21 June 1040) 

By thormodynatnio oonaiderations a new formula connecting the tensile 
strength of an isotropic body with its melting energy and Poisson’s elastic 
constant is developed and found in good agreement with expenments. 

1. Pboblsh ok thk paper 

It ia well known that attempts to calculate the tensile strength of 
crystals by means of the lattice theory have failed as yet: the tensile 
strength, calculated in this way, is about one hundred times larger than 
the actual value of this quantity, determined by experiments (Bom 1923 , 
Zwicky 1923 ). Recently M. Bom and myself ( 1940 ) tried a more rigorous 
treatment of this problem by formulating the stability conditions of a 
cubic crystal, under a certain stress in the direction of one of the axes, for 
any small homogeneous deformation. One gets a number of inequalities 
which must all be satisfied if the lattice is to be stable. If the stress is 
increased, a certain critical vsdue Avill be reached at which at least one of 
the stability conditions will break down. This critical value of the stress 
is supposed to be the tensile strength. But the numerical calculations on 
the basis of this theory for a faced-centred lattice, under a special assump¬ 
tion about the forces between the atoms, give a result not essentially 
different from the former ones. Breaking should take place when a relative 
increase of length of about 26% is reached, whereas the experimental 
value is about 0-3 %, so that the theoretical value of the tensile strength 
is about HO times larger than the experimental value For the tensile 
strength F one gets approximately Q’ZSp, where S is the sublimation energy 
per unit of mass and p the density. This result is also incorrect The values 
of the tensile strength calculated in this way are far too large. 

The lack of success of the former attempts to calculate the tensile 
strength from a pure atomistic theory has long ago led many physicists 
(see Schmidt and Boas 1935 , p. 284) to believe that the usual experiments 
do not give the real values of the tensile strength, because of the imper¬ 
fections of the real crystals, such as small holes and cracks, which could 
[ 217 1 
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considerably diminish their strength. Several attempts have been made 
(Schmidt and Boas 1935 , p. 271) to perform the experiments under such 
conditions as to compensate for these defects. But the results of these 
experiments are not very convincing, and the whole conception of the 
‘apparent’ and the ‘real’ strength is very unsatisfactory and improbable. 

In a recent paper M. Bom ( 1939 ) has developed a theory of the melting 
of crystals based upon principles very similar to those which are used for 
the treatment of the breaking of crystals mentioned above. He calculates 
the density of free energy of the crystal at a certain temperature and a 
certain muform pressure over which an arbitrary small deformation is 
snpeiposed. From this the conditions for the stability of the lattice for 
such deformations can easily be derived, and it is postulated that melting 
should take place when at least one of these conditions is violated. The 
results of this theory are in good agreement with the experimental facts, 
as regards the absolute value of the melting temperature and its depend¬ 
ence on the pressure. This suggests the existence of a close relation between 
the phenomena of melting and breaking. According to Bom’s theory, 
melting is nothing else than a breaking due to the action of the heat 
movement of the atoms; or putting it the other way round, breaking is 
nothing else than melting enforced by the action of the external forces. 
So it might further be suggested that the tensile strength should rather 
be connected with the heat of melting than the heat of sublimation per 
unit of volume, as predicted by the lattice theory. And indeed, comparing 
the experimental values, one can see immediately that they are of the 
same order of magnitude. This fact wsm the starting point for the following 
considerations which have led, as will be shown, to a formula relating the 
tensile strength of an isotropic body with the heat of melting per unit of 
volume, in good agreement with the experiments. 


2. Method of thermodynamicai. treatment 

In order to simplify the main idea of the thermodynamical treatment 
of the problem as far as possible, consider an ideal homogeneous and 
isotropic material, completely elastic and with no plasticity. Let an arbi¬ 
trarily shaped piece of this material of volume V be stressed by outside 
forces. If these forces are increatsed gradually, a stage will be reached at 
last where cracks or holes are formed inside the body so that breaking will 
follow immediately. Let V+SVhe the volume of the body just before this 
stt^e has been reached, and let u+iu be the potential energy per unit 
volume. When the holes or cracks have been formed, the matter outside 
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the holes most again take the original denaity and the original volume V 
(ainoe it has been supposed that breaking followa immediately, i.e. that 
the strain vanishes), and the energy density will reduce to u. Let Ug be 
the energy density inside the holes. The conservation of energy requires 
that the equation 

(V + «V)(M + ^«)= + (1) 

must be satisfied. As s = Ug-u obviously is the energy of sublimation per 
unit volume, and as this (juantity is large compared with Hu, (1) can be 
rewritten as follows: 

V^Viu = SV6, ( 2 ) 

where U is the potential energy of the elastic forces, accumulated in the 
whole body just before it is broken. Equation (2) moans that this breaking 
should occur if the energy IJ is sufficient to ‘sublimate’ the matter in a 
volume iV. On the other hand, the maximum stress F will be of the order 
of magnitude UjSV', thus, from (2) it follows that {p density, S heat of 
sublimation per unit mass) 

= 8p, (3) 

which expresses that the breaking strength should be of the order of 
magnitude a, the sublimation energy per unit volume, and corresponds 
therefore with the result of the rigorous treatment on the basis of the 
lattice theory, mentioned in § 1. 

The reason for the incorrectness of the relation (3) is clear. Actually, 
the matter in the volume ttV will ‘melt’ long before it could be sublimated, 
namely, when the energy U has reached the value dVq, where q is the 
melting energy per unit of volume. Indeed, when this stage is reached, 
the matter inside dV must loose its rigidity completely, ie. the body 
behaves exactly as if this volume consisted of holes or cracks, and therefore 
breaking will take place. Hence, the relations (2) and (3) have to be 
replaced by 

= ( 2 ') 

and F~q » Qp, (3') 

where Q is the melting energy per unit of mass. Equation (3') is identical 
with the suggestion expressed in § 1, and is in agreement with the ex¬ 
perimental facts. 
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3. DSBIVAnOK OF A FORMULA FOB THE TENSILE STRENGTH 

Having laid down in § 2 the general idea of the thermodynamioal 
treatment of this problem, the actual calculation of the tensile strength of 
the supposed ideal material can now be begun. Consider a rod of length I 
of such a material, stressed by a force X j)er unit cross-section. Let 
Young’s modulus be denoted by E and Poisson’s constant by /*. Then I will 
be increased by il according to 

SI X 


i E’ 

and the volume F by SV, according to 
SV 

V " i 

The increase of potential energy will be 

^ * 2E 


(*) 


(6) 


(6) 


Inserting from (5) and (6) into the fundamental equation (2'), we get 
immediately the critical value of the stress X, i e. the tensile strength F . 

F = 2QpH-2^). (7) 

Although the formula (7) is in far better agreement with the ex{)eriments 
(as will be shown later) than any other theoretical formula for F given 
before, it cannot be correct. The reason is, that in the foregoing calculation 
we have not accounted for the potential energy accumulated in the device 
which is used for the production of the stress, e g. a spring or a weight. 
The situation is analogous to that in the thermodynamics of equilibrium 
between two states Here, if the volume of the system under consideration 
is kept constant, the equilibrium is maintained if the free energy in the 
two states is equal. But if the volume is not constant during the transition 
BO that work is done by the outside forces, this equilibrium condition has to 
be replaced by another condition accounting for this work If, for example, 
the pressure is kept constant, the work done by the outside forces equals 
p.AV, where d F is the change of volume by the transition from one state 
to the other, and accounting for this work one has to replace the free 
energy by the ‘thermodynamic potential’ m the equilibrium condition. 
In our case the problem how to formulate the equilibrium condition cor¬ 
rectly is even more complicated, because after the rupture a part of the 
potential energy of the breaking device will certainly be transformed into 
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the kinetio energy of the movement of the pieces and the rest of the energy 
possibly might have been used for the breaking itself. 

The best way to overcome these difficulties is to invent a suitable 
mechanism which automatically avoids the broken pieces being moved, 
and which therefore allows for the exact energy balance. It is clear that 
the broken pieces can be stopped from moving only if certain forces are 
exerted on them. In order to make the final state after the rupture a real 
thermodynamic equilibrium, these forces must further have the form of a 
uniform pressure. If a model can be constructed which satisfies all these 
conditions, the energy balance can be made without difficulty, and one 
can be sure that the relation for the breaking strength derived from this 
particular model can be applied generally, just as a thermod}mamic formula, 
derived by considering a special model, can be applied in any other case. 
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The following model fulfils all that is required It consists of a closed 
box A (see figure 1) with absolutely rigid walls, and a cylinder B of the 
same kind in which the two pistons C can be moved. The pistons are 
connected with the rod D by absolutely ngid pieces E, and they are 
pressed apart by the spring F, so that the rod is stressed. The whole space 
between the box and the cylinder is filled with an incompressible liquid in 
which the pressure is zero when the stress equals F. By passuig this value 
the rod will break and immediately afterwards the pistons will exert the 
pressure F on the hquid, and therefore the same pressure F will also act 
on the pieces of D. At the same time their very slight motion will be stopped 
at once, and the kinetic energy of the system during the whole process will 
be negligibly small. 

Now the potential energy of the rod before the rupture is, just as before, 
given by equation (6). But after the breaking the rod is compressed by 
the same pressure F, giving rise to a potential energy 




where k ie the compressibility. This quantity is connected with E and /i 
by the relation 


thus (8) takes the form U' =V ■ F*. 

(10) 

The energy disposable for the process of melting equals U —U' plus the 
work A done by the slight movement of the pistons after the rupture, which 
IS equal to the pressure F times the whole change of volume of the rod 
material. Since the volume of the pieces imder the pressure F is equal to 

r =. = F(i -xif) = f[^i 

(11) 

one gets from (5) (with X = F) and (11), 


A^F{SV dV') - ~ . 

(12) 

Hence, from (6), (10), (12), 


U-U'+A = V^(3-5m). 

(13) 


According to what has been said before, the expression (13) is to be used 
in ecjuation (2') instead of U. Thus using (6') we get instead of (7), 

(») 

which differs from (7) only by the factor ■ ■ 


4. DlSCUSSIOirS OF XXPEBIMBNTAL CONDITIONS 

To check the theoretical relations (7) or (14) with the experimental 
data, one has to be very careful since these relations apply directly only to 
the supposed idealized material. Real materials differ from these ideal ones 
in several important points. 

(1) No real material is completely homogeneous. There is first the in¬ 
homogeneity due to the complex atomic structure of the crystal-lattice 
of a chemical compound. It can bo avoided by only considering pure 
elements. There is further the inhomogeneity due to the imperfections of the 
real lattices They will be most prominent in polycrystalline materials, 
but even single crystals are never free from imperfections due to wrong 
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poBitionB of a few atoms or empty places in the lattice. Since any such 
imperfection of the material will undoubtedly diminis h its strength (as has 
been mentioned in § 1), one would expect the breaking strength of single 
crystals to be much larger than that of polycrystals But experimental 
facts are to the contrary. I shall give the explanation of this fact a little 
later, but it is quite obvious from the facts alone that we should be wrong 
in using the values of the tensile strength obtained by experiments with 
single crystals for checking the theoretical formulae, and that the values 
obtained for polycrystalline samples must be used. 

(2) A further cause of inhomogeneity is the heat movement of the atoms, 
which gives rise to local fluctuations of density It is clear that this pheno¬ 
menon must have an effect similar to that of structural imperfections, dimm- 
ishing therefore the strength of the material with increasing temperature. 
Experiments indeed show a strong dependence of tensile strength on the 
temperature in this sense. For checking the theory one must therefore 
use the values of the tensile strength for /.ero temperature where thermal 
fluctuations vanish. This also follows from a purely phenomenological point 
of view by the fact that no account has been taken of thermal expansion in 
the present theory. 

(3) There is no real isotropic material. In order to check the theory one 
must therefore choose substances at least behaving like isotropic ones. 
Metals in the usual polycrystalline form which have not been worked satisfy 
this and the former conditions and are therefore suitable for our purpose. 

(4) This theory supposes an ideal, completely elastic material, i.e. a 
material behaving like an elastic system up to the breaking point. Actually 
every solid submitted to the action of a stress will undergo a plastic defor¬ 
mation long before the breaking stress is reached. This is a consequence of 
the ‘slip’ movement along certain planes in the interior of the crystals. 
In a perfect single crystal, uniformly stressed precisely in the direction of 
one of the axes, no slip could occur by reasons of symmetry. Such con¬ 
ditions, however, are never realized, and therefore the slip movement 
begins almost suddenly on passing a certain critical stress. During the 
subsequent large non-elastic deformation of the sample the stress can be 
increewed within relatively narrow limits only, until the rupture takes 
place. The measured tensile strength of a single crystal will therefore be 
considerably smaller than the strength to be expected by theoretical 
considerations which make no account of the slip motion. 

In a sample with a polycrystalline structure shp movement will take 
place in a large number of crystallites at different times and therefore the 
region of elastic deformation goes over continuously mto the region of 
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plaatio deformation. Accordingly the streaa increaaea uniformly with the 
deformation up to the maximum value, where the ‘creep’ of the sample 
begins which is followed by the rapture. Each single slip motion goes only 
for a very short distance, and its result is not a strong disturbance of the 
structure as in the case of a single crystal but, on the contrary, the formation 
of better contact between neighbouring crystallites, and therefore an 
increase in strength almost to the value ex{)ected for a material without 
imperfections. 

It is true that a sample of a material which undergoes a large plastic 
deformation during the process of stretching will not work in a model 
mechanism such as proposed in § 3. But since the deformation of the rod 
does not appear in the resulting formulae (7) and (14), which contain only 
the maximum stress F, these relations can properly be used for the real 
material, provided only that the measured maximum stress is sufficiently 
close to the ideal tensile strength, which seems to be very likely for the 
foregoing reasons. 


6. COMPABISON BBTWBUN THEOBY AND BXPSB1MENT8 

The discussion of § 4 shows the right way to test the theory: the 
values of the tensile strength of pure polycrystalline and unworked metals, 
measured at very low temperatures, must be compared with the values 
calculated from the measured quantities Q, p and p of these substances by 
means of one of the formulae (7) or (14). 

Actually no measurements of tensile strength have been made as yet at 
very low temperatures, but for a number of substances the dependence 
of on 7* is fairly well known over a range of temperatures so as to make 
possible an extrapolation of jF to zero temperature with an accuracy 
sufficient for the present purpose. The iigures for Al, Cu, Fe, Ni, Pb, Sn, Zn 
were taken from a table in Landolt-Bomstein ( 1927 ) and a table in the 
Handbttch der Phyaik ( 1928 ) based on the observations of different authors. 
Figure 2 shows how the extrapolation was made graphically. No reliable 
figures were available for Ag, An and Pt. But a comparison of the values 
of tensile strength for cold stretched and annealed metals {Handbueh der 
Physik 1928 ) shows that the increase of strength due to the former treat¬ 
ment of the metals is almost the same as the increase due to the cooling, 
which is very plausible indeed. It therefore seems permissible to use the 
iigures given for cold stretched samples of the three metals mentioned 
above, given in a table in the Handbueh der Phyaik. 
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The values of F for ten of the most common metals determined in the 
way just explained are given in the second column of table 1. CJon- 
sidering the inexactness of the experimental methods, the large influence 
of mechanical and thermal treatment of the samples on their strength, 
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and the uncertainty of the extrapolation, the possible error of these values 
is oertcunly considerable. The uncertainty which must be attributed to them 
can hardly be less than about 30 %. 

The 3rd, 4th, and 5th col umns of the table contain the values of Q, p, 
and p for the ten metals, also taken from the Landolt-Bomstein tables. 
The uncertainty in these flgures can be neglected m comparison with the 
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uncertainty of the F'b. The 6th column gives the values of 2Qp{l — 2/i)IF, 
which, according to equation (7), should be equal to unity, and the 7th column 
the values of the quantity Qp{l-2/i)IF{3-5p) which should equal unity 
if the relation (14) is correct. In calculating the values of these two 
columns one must not forget to measure F and Qp, which have the same 
dimensions, in the same units, i.e. using the figures given in the table one 


has to multiply by a factor 


1 oal./cm.* 
iookg./cm.* 


F.IO* Q 

Kloment kg./oni.* cal./gr. 
Ag 29 28 

A1 23 90 

Au 27 16 

Cu 32 50 

Fe 80 66 

Ni 56 63 

Pb 4 6 

Pt 34 27 

12 14 

Zn 30 26 


Table 1 

2 4?p(l-2/i) Qp[\-ip ) 

p p F F(i-6p) 4F 

10 0 0-3B 1-9 0-85 0-96 

2-7 0 846 2 8 M 11 

19 3 0 42 1 6 0-8B 1-2 

8-9 0-36 3-6 1-4 1-6 

7 8 0-28 2 4 0 76 0-7 

8-8 0-31 3-3 1-2 1-05 

11-3 0-446 1-6 1-03 1 8 

214 0 386 3-4 1 6 1-8 

7 3 0 33 2-6 1-08 0 9 

7 1 0 33 1 8 0-66 0 66 


Looking at the figures in the 6th column of the table it is obvious that 
formula (7) cannot be correct, as has been presumed in § 3. The values are 
spread over a rather largo range and the average is 2-6 instead of 1. The 
figures in the 7th column, however, show the correctness of the rigorous 
equation (14). The average of all the values is 1-066 and the mean deviation 
of the smgle values from the average is 0-275 or about 27 %. Thus the 
spread of the single values is not larger than is to be expected because 
of the uncertainty of the F'b. The mean error of the average value is 
0-276/^10 = 0-085; the deviation of the average from the theoretical value 
I is therefore within the expenmental error 
Since the values of the p'a are all m the vicinity of one could suggest 
that a formula of the form 

F^QpA (16) 

with a constant A would bo as suitable as the formula (14). It can be shown, 
however, that this is not the case. Inserting the value J for p into (14), 
one gets A =» J. In the 8th column of the table the values of Qpj^F are 
inserted. They have the average 1-16 which also is close to 1, but the 
spread of the single values is much greater than the spread of the values 
in the 7th column, and plotted against p they show a strong and dis- 
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tinot dependence on /i, whereas the values of the 7th column show no 
dependence on p. This fact strongly suggests that our consideration is 
correct and that equation (14) gives the real values of the tensile strength 
at low temperatures for isotropic substances. 

I have to thank Professor Bom for his interest in this investigation and 
for many valuable discussions. 
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The derivation of mechanics from the law of 
gravitation in relativity theory 

By G. L. Clabk, Ph.D. 

{Communicated by Sir Arthur Eddington, F.R.S. -Received 17 July 1940) 

The paper givos a general review of an investigation on some problems on 
motion in the relativity theory. We begin by discussing the motion of a 
single particle in a weak gravitational Held and obtam both the linear and 
angular equations of motion; this is followed by brief accounts of the pro¬ 
blem of two bodies and that of a rotating nsl. Tn each case considered the 
equations of motion arise as conditions of intogrability of the relativity 
equations for empty space. Only one of those problems has previously 
been treated by tins method, this being the case of two bodies not con¬ 
nected by a material tension. However, this mvestigation, which was 
carried out by Einstom, Infekl and Hoffmann, introduces difilcult ideas 
relating to the use of certam spatial surface integrals; m the present pajM^r 
we avoid the use of these integrals 

An essential feature of the work is that we take a first-order solution fur 
the particular problem considered and substitute this solution in the quad¬ 
ratic terms of and then build up a second-order solution. This methiMl 
can be employeowhen we discuss the mtorior of matter; and, as an example, 
we conclude the paper by mvostigating the case of a rotating mass of liquid 
of constant density. 
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1. Introduotton 

In general relativity theory ‘ particle ’ is represented by a singularity 
in the field The singularity is a line in four dimensions, namely, the 
world-line of the particle. If we arbitrarily specify a set of curves in a co¬ 
ordinate system in four dimensions, it is in general impossible to determine 
a field with these curves as singularities and satisfying the law of gravi¬ 
tation for empty space 0^ = 0 elsewhere. Thus the gravitational equations 
impoM a restriction on the possible courses of the particles. It has been 
recogmzed that these restrictions are the source of the ordinary laws of 
mechanics, that is to say, the laws of mechanics, which in Newtonian theory 
are additional conditions to be satisfied by the possible motions of a system, 
are in relativity theory implicit in and directly derivable from the law of 
gravitation. 

Although the general principle is clear, the actual derivation of the 
ordinary laws of mechanics (linear and angular equations of motion, etc.) in 
this way is highly complicated. The most far-reaching discussion is that of 
Einstein, Infeld and Hoffmann ( 1938 ). They show that for two-dimensional 
spatial surfaces containing singularities certain surface integral conditions 
are valid which determine the motion. In the present paper we show how 
this and allied problems can be investigated without introducing the 
difficult ideas associated with the surface integral method. By either method 
the calculations involved are very tedious; we therefore give a general 
review, rather than a detailed account, of the theory, and we omit as far as 
possible the long expressions which anse in the course of the work. 

We set g^ = 

where the 1 /^, are the Galilean values of and the are small. It is 
convenient to write 

where — denotes the terms linear in and the non-linear terms. 
We start with the given by the well-known firat-order solution for a 
particle with a specified position, and add terras chosen so that, retaining 
the square of a velocity, no terms of the form m«* or mw'w* appear in M^. 
We find that does not then vanish unless we impose the condition 
d*x{/dt* = 0 . This solution therefore represents the motion of the particle 
under no extraneous force. 

Now consider a given gravitational field satisfying the equations for 
empty space, the values of and its ordinary derivatives at the singularity 
are denoted by . It is well known that the motion of a particle 
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of negligible mass placed in the field is along a geodesic, and if we suppose 
that the given field is weak and the velocity of the particle is small the actual 
motion is given by the approximate equation 

Our first task is to show (§ 4) how this result can be derived directly from the 
equations for empty space. We put 

V = 

where are the terms representing an isolated particle. Substituting in 
the expressions for gives three types of terms. The quadratic terms in 
do not concern us, as we start from the assumption that the given field 
satisfies the conditions for empty space; nor need we calculate the quadratic 
terms in AJJ), since m is taken to be very small. We only consider, therefore, 
the cross-terms which we note are of the order mK. We assume a general 
form containing a large number of parameters for the cross-terms. We then 
find that it is impossible to satisfy the equations for empty space unless we 
impose the condition (l-l); and although a number of arbitrary parameters 
remain in the solution, this condition is unique. 

We then proceed to discuss angular motion; we set 

K = 

where = U, Ai„ = 0 (m,n = 1,2,3) 



The quantity 17 is a Newtonian potential, and at the singularity we denote 
the values of U, U\,, U^„ by U, V-,, .... We write down a general form for 

A'„, and then we substitute the first-order solution in the expression for 
and pick out the cross-terms .4 f7|„. It is found that in order to satisfy 
= 0, terms containing parameters nr, must be introduced into the 
solution such that 

TUi = \(B— C) t7|^, etc (1"2) 

We readily show that the expressions on the right-hand side of (1-2) are 
simply the components of the couple due to the given field acting on the 
body, and so the conditions (1'2) are the angular equations of motion. This 
leads to the consideration of the actual derivation of Euler’s equations. 
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The method is then applied to the problem of two bodies not connected 
by material tension, and also to the problem of a rotating rod or to the case 
of two bodies connected by a string. When we proceed to discnss the 
interior of a continuous distribution of matter, similar methods can be used 
to calculate the values of the energy-tensor T^, As an example we conclude 
the paper by referring to the case of a rotating mass of liquid of constant 
density. 

Except in the last problem, the method in all oases consists in finding 
equations which are conditiona of integrability of the equations » 0 in 
empty spaoe in the droumatances relating to the problem considered. 


2 . Approximate txdues of the Eiruiein tenaor 

Following the authors quoted above, we use the convention that Latin 
indices take only the spatial values 1, 2, 3, while Greek indices refer to both 
space and time, running over the values 1 , 2, 3, 4. We denote the ordinary 
derivative of a quantity by means of a lino followed by the appropriate 
suffix, as 

The expressions for are then 

= (2-1) 
where — \M^ represents the linear and the non-linear terms. We have 

-^44 *441*11 ~ 2^4,1^ -f- I 

■^4i» = *4nl**“*4«l»n + *«ln4”*i»*l*4> ^ | (2’2) 

^mu — *mnl»* ~ — *i»»l*in + *Slmn ~ *m*ilM + *4mlit4 + *4nlm4 ~ *44lmn' j 

In general the A^„ will be small relative to unity, and if we neglect the 
cubes of we can determine the values of without much difficulty; for 
example, we find 


^*44 = ^n^U^4r~ J*r»*44lr» + *r*lr*4»'4 ~ 4*»»lr*44l»~ i*r**r*l44 “ i*4rlr*44l4 
“i*r*l4*r»l4+ i*4*lr*4rl»~i*4rl»*4rl«+ l*44l**44'»~ J*4rl4*iilp 
+ i*44lr**»lr + i*44l4*«l4- 


(2-3) 
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It ifl oonvenient to rewrite the equation » 0 in the form 

M^-2L^~0. (2-4) 

For the greater part of the paper we aheJl be investigating the conditions 
to be satisfied in order that this equation can be integrated. 


ThK UQJKAK AND AKOni.AR BQUATIONS OF MOTION 


3. The case of a stngle particle 

We b^jin our investigation of the solutions of (2*4) by taking as the first 
approximation to 



where 




For oonvenienoe I shall take the particle (co-ordinates xf) to be at the 
origin, and we can then write af for *•—*f. We write u” for dx^jdt. Neglect¬ 
ing terms in v* we see that = 0 is satisfied by 




— —m(A 


+ 2 ) 




where A is arbitrary. We want to find a solution retaining the square of the 
velocity. We assume for trial that the additional terms are of the general 
form 


= mog -- -v met^ if if. 


rin *'*** 

= WMCI - 


3fX* 

+ ma„^-ifVS„„-^ 


containing disposable constants a^. The solution values of the will not 
be unique, because the solution can be given different forms by trans¬ 
formations of the co-ordinate system which leave the vectors at the ongin 
unaltered. Having calculated the corresponding to the above we 
find that it is possible to make the part of which does not involve the 
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acceleration vanish by imposing certain relations between the 01 ^’, and 
then reduces to 


and is of the order mif . 

Thus the condition = 0 requires 
dhit 

W = 0 (s= 1,2,3). 


(31) 


The physical interpretation of this section is quite trivial, namely, the 
singularity represents a juirticle moving with constant acceleration. We 
next introduce a weak gravitational field h'^. 


4. Particle in a gravitational field 

We now suppose that there are additional terms which satisfy the 
equations for empty space. In the neighbourhood of the particle 

~ ..., 

where ... are the values of A'„ A'... calculated at the singularity. 

The total field will be given by 

A^ = 

where A® denotes the terms of order mS^. For the present we neglect the 
squares of and the squares of a velocity in 2L^. The contributions to 
M^,, from the terms A® are denoted by Af®, thus 

The equations 0^ = 0 can then be written 

Jf® + Af®-2L^ = 0. (4-1) 

We add a term 2L^ such that it is possible to solve the equations 

if®-2/v,,+2L* = 0. 


(4-2) 
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The equation (4’1) then beoomes 

Jlf«i-2L*=0. (4-3) 

In order that (4-3) can be satiafied, it ia evident from (31) that the moat 
general form can take is 


2Li,, =. P" + P») (2 - ^ - 2«,) + P-CS - ^ - 2a,) 


(4-4) 


where =• Pihuu+Pihu\i+Pa^ht^+PtV"Kr\r + Pi^Ky+.... (4-6) 

the p, being disposable constants. By (3’1) the condition (4-3) requires 

We assume a fairly general solution A®, and substituting in (4'2) gives a 
set of linear equations. The condition that these equations are consistent 
requires that P* shall be unique: thus the ‘equations of motion’ (4-6) are 
unique although the solution hfj^ is not. The coefficients in (4*6) can he deter¬ 
mined, and we find that it reduces to the equation of a geodesic, namely, 

W " + + + (4-7) 

On account of the length of the calculations we shall content ourselves with 
obtaining the result p, = — i The relevant terms in 2Z(^„ are 

= (^ + 5)m^A„,„ 


— ( Jyl + 1) ^44ln + ^ ^Mlmj 

Assuming the general solution 

^ j, 

Amn “ ^l^mn ~ ^Ml» + ^44lm + ~ ^44in| + ^4 

P* = Pl^44l»» 
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we find 

+ - {-2Ai-^-8+(4ai + 2^-10)Pi}«^X44i„ 

“ {^1 —^1“^4 + l + i-^ + (2--4 — 

+ {Ai - 3A, - 3 A 4 + 4 + + (8 - ^ - 2ai) j)j] m ^ X 44 I, 

- 3m{Ai - A, - A 4 +3 + + (6 - ^ - 2ai) p X 44 i.- 

Equating the coefficients to zero, we deduce the necessary condition 
Two deductions from (4-7) may be noted: 

(a) Newtonian potential. The equations for empty space are satisfied by 
h^^ = -27, h'nn = -27^*«, where 7 is independent of time and satisfies 
Vf„ = 0. The equations of motion (4*6) are then simply 



We may interpret the above solution as representing a particle at moving 
under the influence of a Newtonian potential 7 In particular we notice that 
ifAi 4 = - 2 ni,/fj,whererj = (a:*-*;)(**-a^),thenmji 8 thegravitationalma 88 
of a particle situated at aj. In a similar manner it is clear that the constant 
mi occurring in h!^ is the gravitational mass of the body at x^. 

( 6 ) Botating axes. If we use rotating axes the additional terms give, on 
neglecting cd^, the well-known equations 

^ etc. 

The above outline shows in a very elementary manner how the equations 
of motion arise in the relativity theory. To obtain the equations of motion 
we have only considered the terms 5 ^ 14 . It will be noticed that 

further terms occur such as expression 2Zy^„. It is 

found, however, that the solution containing these terms can be foimd 
without difficulty, and no additional conditions of intogrability are imposed. 

5. The angviar equations 

The analysis given above may be taken to cover the case of a non- 
spherical body—the solution being valid at distances large compared with 
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the dimensioiu of the body but nevertheless still fairly close to the body. 
We now continue the discussion to the next approximation as regards 
the dimensions of the body, the purpose being to show how the angular 
equations of motion arise in the theory. 

We suppose the body is moving in a static Newtonian potential field 
- JZ7; we denote the values of U, Uf^, U,„^, ... evaluated at the body by 
U, .... This field will be due to the sum of a number of particles 

P„ at distances R, from the body under consideration. For the sake of 
definiteness we suppose that terms of order — 4 in can be neglected, that 
is, we neglect the quantities .... Consequently in the neigh¬ 

bourhood of the body 

U= 

d;„ = + 

Now consider for the moment the potential V due to the body. If o is the 
maximum linear dimension of the body, at distances r from the body for 
which (o/r)* may be neglected, — 2V takes the form 



where A, B, C are the principal moments of inertia, the origin being at the 
centre of gravity and the axes oriented in a suitable manner. 

In view of the above considerations we take as the value of 



and build up a solution of the equations = 0. We suppose that U 
satisfies Ut„ = 0,^^=^ 0, and quantities are neglected The quadratic 
terms are expressed as the sum of three terms 

2L^ = 

Each type of term can be discussed separately. In order to integrate the 
second type, we require the condition 
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To solve for the third type we have to introduce quantities Wi, tU|, Wg such 
that 

®1I4 th, = 1(5—t?)^88>| 

™«i4 =■ tfr* “ i (6’2) 

07,14 =“ *a *■ — ■®) 

The conditions {6-1) determine the linear motion, and (8'2) are the angular 
equations of motion. 

The terms arising from - 2m/r have been investigated in § 4; we need 
therefore only consider the terms involving A, B and C. We take, as the 
first approximation, 

A2i“Ai4+Al4. {«-3) 



n being independent of x* and satisfying >= 0. If the velocity and 
acceleration of the body are neglected the value of AjJ*, satisfying the 
equations = 0 and readily seen to be 

Aty» = *mn + A««. (5*4) 

where h'„„ = 


provided that 

ag = -3ai-3, 2a, =* 20, + 3a, + 6, 20, = - lOa,-16a,. (6-5) 

The corresponding terms in B and C can be written down by a suitable 
interchange of x*, x^. 


6 . The terms in 

The expressions 2L^^ and 2I/„„ have the values 

2L^^ = — ?7|„ A^ + + lAJ,g — AJ[,i,), (6-1) 

+ A„,|* — 2A„,|, + ~ Kalr ~ 

+ + Ku,\mi “ *«lm« " " V'mn) 

+ ^•w**(^mrlr — ^Hlm) + ~ ^Hln) ~ ^mn^\itrK^ 

+ ^\miiKu + ^vsKu ~ + ^m)' 


(6-2) 
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On sabstitutiing the value for h"^, (6*1) beoomee 
2*44 - '1^i.{^(|-3«i-3<>4-<>4-1«4)+^^,(9 + «i + o. + 3o,) 

+ ^^(-V-K-|«4)-».^^-'). (6-3) 

The solution of - 22<,4 * 0 is then 

, i ufaf ar^Vaf 

+r1’ 

where y is arbitrary, and 

/?=x-ia,. a“-l-K. e = i-K-K. 

on using the relations (6*5). We then find 

A44l«.n + 2A„» = + + 

. p a'*** . p a^"a'a* . p a*Va:», . ^ ®'‘*«x"afa!» 

+ *4 -j;i- Omn + -“s " - + ^*”77 ®mH + ^7-^5- 

+^ 3u+«..-3^ 


+ *14(3u,3»+3..*-)^ + J5, 


Ei 


+ ^17 ^ (*”^111 + a*^ml) ^1* + -^18 ^6 + ^'‘^mr) ^lj»| • (®’ ®) 

where the E/^ are known constants We assume a solution of the same form 
as (0*6) except for a factor 1/r*, namely, 

Am» = + KA,r+ ■ +Pl6^ (a"'^nr + ^1.} 

It is found that by suitably choosing the ^4. a solution can be obtained such 
that 

= 3^ + z-8^) - ^ 

+ ^1»[^ +a”^m8) - ^ +a"«Jmi)] j • 
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The terms in B and C can be written down by a suitable interchange of 
x^, a?. It is evident that the solution is such that 

JM;n-24.n = + 

+ (6-6) 

Since - is the potential of the external field, the components of the 
force at any point are - \U,. In the neighbourhood of the body 

and accordingly the component of the couple about the a^-axis is 
N = ^(a^^t-x*U^i)dV 


Further terms can be introduced into (6’6) by taking the quantity 



which we notice satisfies ^4^ a 0. The new value of is then 


3 |[^l — -^] ^ 

+ [tfr, - M] (aj^ina + *"^)na) ~ ^ + *"*^nx)J 

+ [^3 - N] ^ (x-d^ +a:«d„,)] j. 

where {L, M, N) are the components of the couple about the axes. The 
conditions for integrability are therefore 

xbi = L, xfr, =* M, tfr, = N. 


(6-8) 
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These conditions are the angular equations of motion and are usually written 

d 

— 6/<Uj) ■» L, etc. 

In general the quantities d, B, C, F, O, H axe not constants but are con¬ 
tinually changing in consequence of the rotation. Our calculation refers 
to the instant at which the products of inertia F, Q, H are zero. 


7. Elder’s equations 

The field, to a first approximation, of a number of isolated particles is 

^44“^', where V = (7-1) 

At great distances from the system we can write 

1 _ 4.3^5)* 

f<“ r» 2 r» ■*‘2 r» 

We suppose the particles are rotating about the centre of gravity. Summing 
over all the particles gives 


where A, E, C, F, 0, R can be expressed in terms of the moments of inertia 
referred to axes fixed in the body. In fact, if to,, to, are the components of 
the angular velocity and angular acceleration of the moving set of axes 
about axes fixed in space and instantaneously coinciding with them, then 
the direction cosines of the moving system at a later instant are given by 

iwj = 1 — 

Z3 = w,<-t- w, = | 

I 

Til = -t0^t—l(b^fi + \<0^(i)^t*, 

«8= l-4(<tfi+w|)«*. 
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With the aid of these results we find 


F = {C-B)(i}it + {{G-B)d>it*+^{2A-B-C)of,<a,t\ etc.) 

I have found that starting from 

hu-V. = 

alone, no equation of motion is obtained on building up a second-order 
solution; but if we also consider the terms derived from 



then additional terms appear in the first approximation to A,*; these terms 
are of the form (6-7), where 

OTi = A{(iii + (bit) — {B—C)<af(i>ft,\ 

nr, = B{f 0 t-k-ibft)-(C-A)b)tO)itX (7-6) 

TETj = C’(<U3 + — (A — B) j 

Inserting these values of obtain Euler’s equations 

Au)i — {B—C)<Of(^i— I 

5<yj-(C'-i4)a>8Wi = Jf,i (7-0) 

— (A — B)b>^(o^ = N I 


The fboblbm of two bodies* 

8 . We now introduce quantities /l^ defined by 

where rj^ are the Galilean values of g^. If the y^ satisfy the conditions 

74.1.-74414 = «. (8-1) 

7m.i. = 0, (8-2) 

the equations 0^ = 0 become 

7^i« - 24^. (8-3) 

* I quote freely, with slight changes in notation, from the paper by Einstein et al. 
(1938). 
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where the vslnee of the are given by 
2^44 “ 

* 2/^mn~y4ml4i»~74»l4i» + ^mn 744144+ ym)ila- 
Our two-body problem ooneiats in taking the quantity 
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and trying to build up a solution satisfying (8-1), (8-2) and (8-3). Owing 
to difficulty m dealing with the interaction terms, we are restricted to a 
solution which is only valid in the neighbourhood of one of the particles. 
We find that our solution satisfies the equations 


But 

where 

= 


y^\„ = 2A^, 74.1.-74414 = 

7m.i. = -elrV*-!. 


0 


!<«• 










6toi^ 






r being a distance between the singularities and re, = {3\-xl)vl The 
condition = 0 therefore gives us the equations of motion of the first 
singularity. The equations of motion for the other particle are obtained by 
replacing m,, xj[, xi by m„ mj, aj, xj. 


9. The first and second approximations 

We shall write 

(a) = {f>) = + 

fi r. 


Substituting our initial value 


4m, 4m, 
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in (8'1) we obtain 

*T *a 

* (4mi—+ 4m,^] . 

\ •'i 

Integration gives yiJ/ * 4mi — + 4m, —. 

♦"i ’“i 

We take = 0. Substituting in the expression for 2A^ we obtain 

2^5i?* = 

The solution ■/*„ = ymn + ymB “ 2/l“>„ can only be found in the 

neighbourhood of one of the singularities. The part of the solution not 
containing interaction terms is 

y'mn = {-^^[(«"-*i)«r + (*«-*7)vr-#«H(®*-a!{)rf]j^ 

+ [(** -*1) + (*"• -«?)«?- imni^- *i) <1]) 

The interaction terms of order 0 and -1 in are 


where x> Xi> values of x, Xit evaluated at *1, and a„„ is a function of 

time. We have 

, 4mid«xr ^ (x^-xi) ^ „ 

» 2m,_ (**—a^)_ 

y»Mi. = - - Xim - 2mi X- 

M U 

Hence y",,. = 

= - — - 2*1 v" - X). 
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The oaadition - 0 requires 

+ = (9.1) 

«m. = 2rI»r + 'J«.X. (0-2) 

The equation - adJJ (9-3) 

has the solution - ““44 - (0*4) 

M »■* 


where c^^^, y ?44 are functions of time. The solution '/ii = yin+yln of 
■y^i^ « 2 ylS“ can only be found in a series valid m the neighbourhood of 
one of the singularities. The part of the solution not containing interaction 
terms is (including only relevant terms for tlie expression ( 4 "') 


The interaction terms of order 0 and — 1 in are 


(9-6) 


+ 3mi + 2mi (»» - «?) vix\,-mi x\s 

- 3"*1 t’i X\n - 2m, Xf^vl - at„, (9-6) 

where a^^ is a function of time. 

The terms of order — 2 and — 1 in m 7^1414 and are respectively 


7SS14 = ~ ( 3 Xi 4 - 2a44i4- 3 v?Xi.) + ^ ( 3*1 X-2v;a44) 


+ 3mi'- 




rf 


viX... 


rffl. = - * 1 ) (a4. + X»1) + Xi» - 2Xi.«a) 


The condition (S-l) requires therefore 

a4. + t1“44 = MX-^. 




(9-7) 

(9*8) 
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Unng (9*1) the condition (9*8) may be written 

«4tl4 - + 

and hence <*44 =* + (0'9) 

(9*10) 


10. The third approximation 

The next approximation to y„„ ia determined by solving the equations 

where the quantity has the value given by the expression (16*2) in 
the paper by Einstein ei al. On working out the divergence of we find 
that it vanishes, that is, 

2/l»U«0. (10*1) 

In order to find the principal deviation from the Newtonian laws of motion, 
all that essentially remains is to calculate the values of the quantities 
gj(iii) denote the terms of 2/l®„ which give rise to contributions to 
by 2.4* We readily see that 2/l*„ is of the form 


+ 66 ’ * 1 ) ^ (X ”‘-X^)(xf~ X{)[3f-9'i ) 

rj rj 


f30/f^ 


( a* - x^) ( x” - x^){af-jfi){xf - xl){af -x[) 


The equation y«ni«» =* 

can be integrated in an elementary manner, and the coefficient of 
- l/fi in ymn\n 1*® written down. I find 

cr"’ - + 2C„ + \D^ + \D^ + + iE ^+ 

+ + ^^Iml + (10*2) 



Mechanics in relativity theory 245 

Now it is clear that A*^ satisfiee (lO-l). Hence equating to zero the 
coriSd«.t. ofi ^ 

M *1 

Aji^g •<- B„ » 0. i)^ + .DB,=*0, (^^'3) 

Putting « r in the latter equation we obtain 

+ + + = 0 (10’4) 

With the help of (10-3) and (10-4), the expression (10*2) becomes 

C?”’ = + (10-6) 

On calculating the values of C„ and and substituting in (10-6) 
we arrive at the result 

+ ”^ ("i "I + M («r - •?)«! 

The condition 4’"' "• 

where the value of is given by (9*1), then gives the equations of motion 
(8-4). The integration of the equations of motion has been carried out by 
Robertson ( 1938 ) and independently by Eddington and Clark ( 1938 ). 


The loss of gravitational energy of a rotating rod 

11 . We now come to a problem of great interest. A spmmng rod sets up 
a train of gravitational waves and the question arises whether these waves 
will carry away the energy of the rod so that it will gradually come to rest. 
It seems that the angular velocity of a rotating cohesive system, such as 
a rotating rod, is slowly decreasing. In the Grst investigations on the 
problem which were carried out by Einstein ( 1916 , 1918 } and Eddington 
( 19 * 2 ), the energy was represented by the pseudo-tensor Ij; and the outward 
flow of this pseudo-energy was calculated. Owing to the criticism directed 
against this method of attack, Elddington ( 1924 ) gave another discussion 
of the problem, the validity of which depends largely on the nature of 
cohesive forces. It is therefore a matter of some importance to show that 

VoL 177 A 10 
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we can obtain the result as a condition of integrability of the equations for 
empty space. 

We take a first-order solution for the external field of a rotating rod and 
try to build up a solution of the equations r. 0 to a higher approximation. 
Consider a rod spinning with angular velocity (o m the plane of as***, and 
let 7 be the moment of inertia. The field will consist of both periodic and 
non-periodic terms, and it is evident from § 7 that the first-order terms 
in the non-penodic part of the solution which give rise to the angular 
equations of motion are 

= (IM) 

and the contribution to is 

A suitable solution for the periodic part is given in Eddington’s first in¬ 
vestigation; writing p = 2 cj the solution he gives is 

where 

Ip* 

Vh =-ra* “cos ?(<-»•). 

7 „ = ^ 8 inp(<-f), 

- sinp(< - r) j 

+ ^ - r)+^ co8p(< - r)j, 

! X* X* 1 

- ^ sin p(< - r)+^ cos - r)j 

+ fpl^co8p(t-r) + ~aiiip(t-r)j, 

{a:** — x** 2* V 1 

— ^ co8p(<-r)-»—^-sinp{<-r)J 

+ 3/p|—Binp(« - r) - ^^coBp(t - r)| 

co 8 p(t-r)+^^sinp(<-r)|. 
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Substituting these terms in we obtain terms with factors 

sin|»(<-r)oosp(<—r), oo8*p(<-r) and 8in*p(<-r). 

Now, we may write 

coB 3 )(<-r) 8 inj»(t-r) = ^sm2p{t—r), coe.'p(t-r) = i(H-co8 2p(i-r)), 
8m*p(<—r) = J(1 — cos2p(< —r)), 


and accordingly 2//^ can be split up into periodic and non-periodic parts. 
From (11*2) it is clear that the angular equations of motion are obtained by 
picking out the terms of order — 3 in r from the non-penodic part of 2L^, 
and we note that these terms are of the order /‘p*. After some calculation 
we find 


2L44 = 0 . 


Take a solution of the form 

*44 = 0 , *11 = 0 , 


__C 


*3* 


2B-^-2A 

r* 


r» ’ 




-*»•) 




Wnting 2A -f- 3J3 -I- SC = A wo find 

Hence putting A = 

we have a solution such that 


Finally, writing p = 2a) and combining with (11*2), we obtain 

- 6/(w+-I- *»«„,) - +»“^m3)) • 

The condition for integrability is therefore 

d) = —^Jo)*, 


16-2 




G. 1*. Clark 


and the rate of loss of energy 

is in agreement with the result obtained by other metiiods. 


Rotating mass or liquid 

12. In the preceding sections we have investigated solutions of the 
equations for empty space; we have taken a first order solntion and by sub¬ 
stituting this in expressions of the form (2*3) we have built up a solution to 
the next approximation. The method can be applied when we pass on to 
consider the intenor of matter; and, as an example, I discuss the problem 
of a rotating mass of liquid of constant density and show that a possible 
form of the free surface is a spheroid. 

Consider a weak field of the form 


rii = i(Pia:* + ?iJ/* + r,a*) +J(a,a;*-h6,y»-hci**)r*; i 

yis “ + + yi, = X^zzr*+ 

783 = i(P 8 ** + ?iy* + »’ 8 **) + i{ 08 ** + ^ 8 y* + C3**)»‘*. yil = + 

(12-J 

On working out the com|)onent8 T[„„ of the energy tensor we find 


IBirTn 

167rTs3 


Qy* + {P'x^+ RY + 8'z*), 167r3\, 

Qx^ + {P'x' + RY-^8'z*), I671T1, 

{P'x^+RY+S’z*), 


-Qxy, 

IOtiTm = 0 , 


( 12 - 2 ) 


provided certain conditions are satisfied Writing Q = 16np<u* we see that 
the part 

leirTi, = 167iT„ = 4?i*, 167rJ\, = - T;# = = T’ts = «. 

represents matter moving with constant angular velocity about the 2 -axi 8 . 
The remainder 


IGirTi, = = 167rT„ = P'x'+R'y* +S'z*, T„,T,i,T„ = 0, 

represents a fluid under isotropic prrasure. 

It is found that the conditions mentioned above lead to the relations 


P'^E'^iQ. S'.O, 
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that ia, the pressure due to the rotation is 
p — const.+ 


(12-3) 


We now calculate the field due to a spheroid and hence deduce that this is 
a |)088ible form of the free surface of the liquid. Taking the spheroid to 
be given by 


> 1 , 


(12.4) 


the classical potential in the interior is given by 
where M is the mass of the spheroid and 


r ■ / = 1 

4 

8 

[•« du 

Jo (a«-|-tt)(6*-t-tt)t* J 

0 (a»-l-«)*(6*+«)*’ * J 

lo (a*-t-It) (6*-f- tt)* ' 


Writing o* = 6*(1 +A) we have 

I, (l+A»)tan-iA-A /, 2(l + A*)(A-tan->A) 

/inr,- ^ - ’ A+i/,- - -A* 

We take as the first-order solution for the metric 

+ + y„„,r4« = t). (12-6) 

Tlie density is given by 167rr44 = yu\„, namely, 

+ {12.7) 

Now for a metric in which h^^ is zero and h„,^, A44 are independent of time, 
the value of correct to the second order is 

~ ymnlii~yiit»l»n~y(wl»m4'*^m)*yr»l»r~ 2/l„„j-|-C^„, (12*8) 

where — 0„) + + *44 ^44)- 

Now if *44 =F, and y44=27, 

^mn = = ~ = ~iy44y44l» (12.9) 

For the first-order solution (12-6) 

2ri'„, = - iy«4l«y44l» - iy44y44'm» + i^».»y44y44lrr + i'Jm»y44lry44lr. ( > 2-10) 
We take as the general form of the second approximation for y^^ 

yii = +«!*•); yia = «^i*2^: etc. (12.11) 
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Substituting in (12.8) we obtain the value of For the pressure to 

be isotropic we require 

167r7’„ = 16^7;, = lejrT’w = Pa:* + 72y»+,Sz«,^ 

f 

It is found that the quantities P, B, S are independent of a^, 6 j, Cj and d^; 
in fact 

P = P = -9Jf*/i(/i+i/,); S - -9Jf*/,(/i +J/,). (12-13) 

Using (12*5) and (12‘7), these expressions become 

P - P = - 16uV P = - 


Adding the rotational terms (12‘3) we have 

p - const. + Jpw*(a:»+y*)++ + (12-15) 

where P and 8 are given by (12-11). 

XT (3+A*)tan->A-3A 

2^p=— IT* -• <^ 2 - 16 ) 

the expression (12-16) becomes 

p - con8t. + 2/rp»^^-^(tan-»A-A) + (12-17) 

The spheroid (12-4) is therefore a surface of equipressure. 

It is with pleasure that I thank Sir Arthur Eddington for his advice in 
preparing the paper for publication. 
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The crystal structure of Rochelle salt (sodium potassium 
tartrate tetrahydrate NaKC 4 H 408 . 4 H 2 O) 

By C. a. Bbbvebs Ain> W. Hughes 
(Communicated by W. L. Bragg, F.B.8.—Received 1 August 1040) 


The complete crystal structure of Rochelle salt (sodium potassitun 
tartrate tetrahydrate) has been determined by Founer and Patterson 
methods. Some of the difficulties in the application of these methods are 
discussed. 

The tartrate molecule is found to lie approximately in three planes, the 
planes of each half of the molecule being mclmed at 60° to the plane of the 
carbon atoms. The tartrate molecules are bonded to sodium and potassium 
atoms both directly and through the medium of water molecules. If the 
water molecules are to preserve tbeir customary tetrahedral ' bonding ’ it is 
necessary to suppose that one of the carboxyl groups of the molecule is also 
a dipole. A reversal of the oontmuoua oh^ of carboxyl-water-water 
dipoles is a possible explwiation of the peculiar dieleotrio properties of tho 
salt. 


Introduction 

This work was undertaken primarily as a development of previous work 
on orystalline hydrates, and as an exercise in the X-ray ahalysis of a 
complex structure. As will be seen later the structure requires the deter¬ 
mination of forty-seven parameters, has no centre of symmetry, and no 
features which permit any simplification of the direct methods of analysis 
which are now available. These methods are, however, so powerful, that 
in the authors’ opinion they extend very greatly the complexity of 
structures which can be solved by X-ray analysis. 

Rochelle salt is also of great interest as being optically active, and 
because of its somewhat remarkable electric properties. The potassium 
sodium salt has abnormsdly large values of the dielectric constant parallel 
to the a-axis between the temperatures —10 and -i- 26° C. This property 
has attracted much attention, a recent summary of the theoretical work 
being by Mueller ( 1940 ), but it seems clear that the theoretical work 
requires guidance by an accurate and complete X-ray analysis. 

The present work also provides the first measurements on the con¬ 
figuration and size of the tartrate molecule. 


[ 2»l 1 
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Dbsortption and discussion of the stbuctube 

Rochelle salt crystallizes in the orthorhombic bisphenoidal class and 
has been shown by many previous workers to possess the space group 
P 2i2i2, having the absences (AOO) when A is odd, and (O/bO) when k is odd. 
We have verified this assignment of space group, and by measurements 
on high-order planes have deduced the following values of the cell edges 
for Rochelle salt itself, and for other members of the isomorphous series 
to which this salt belongs: 

«. ^ c, 

AAA 

Potaaoiiun-sodium salt 11*93 14 30 6-17* 

Ammomum-sodium salt 12*18 14 40 6*18* 

Rubidium-sodium sedt 12 08 14 40 6 21* 

* By layor-lme measurement only. 

According to Groth the density of Rochelle salt is 1*790, and this 
requires four molecules of KNaC 4 H 40 (. 4 H ,0 in the unit cell. 

The general positions of the space group P 2i2x2 are the points 

(xyz) (*yz) {\-\rx\-yz) + 

while the special positions (on the twofold axes) are 

(a) (002) (H2); (b) (iOz) (0|2). 

The difierent salts studied appear to be strictly isomorphous, but we 
have obtained accurate parameters only of the potassium salt. These 
parameters are probably very close to the true values for the other salts 
also. 

The potassium atoms occupy the two sets of two-fold positions as shown 
in table 1, with z parameters of 0*05 and 0*16 respectively. The sodium 
atoms occupy the general positions (0*23, 0*^, 0*52), and (as shown in 
figure 1) this gives an arrangement of positive ions lying rather closely 
together in sheets perpendicular to the 6-axis. The remainmg atomic 
positions are listed in table 1, and the projection of the complete unit 
cell on the (001) plane is shown in figure 1 In this figure the atoms are 
numbered to correspond to table 1 and the z co-ordinates are given along¬ 
side the circles representing the atoms. 

The sodium atom has around it a co-ordination group of six, two oxygens 
and one hydroxyl from the tartrate groups, and three water molecules. 
The sodium-oxygen distances are given in figure 2, and average 2*39 A, 
which is sufficiently close to the accepted values. (Sum of Na and O radii 
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Fioitrb 1 Projection on (001) piano, of the stnicturo of Rochelle unit. The arrow 
heads on the bonds are drawn in a direction from positiv e atoms to negativ e atoms. 
The bonds mvolvod in the 1-2 9-10 ohaitw are ilrawn thick, so tliat the chains 
con^bo picked out. 


2 K on (o) 
2 K on (6) 
4 N%on 

4 0 on 
4 0 on 
4 OH on 
4 'OH on 
4 H,0 on 
4 H,0 on 
4 H,0 on 
4 H,0 on 
4 C on 
4 0 on 
4 C on 
4 C on 


Table 1 

(0 00 
(OvOO 
(0 23 

(1) (0 12 

(2) (0 22 

(3) (0 23 

(4) (0 06 

(6) (0 16 
( 6 ) (0 20 

(7) (0-40 

(8) (0 26 

(9) (0 44 

(10) (0 42 
( 015 
(0 12 
(017 
(0-16 


.0 00 0-06) 
0 80 0-16) 
0 69 0 62) 
0 10 0 37) 
0 20 0 12) 
0 40 0 82) 
0 37 0 86) 

0 36 0 32) 
0 24 0-63) 
0 08 0-60) 
0 06 0 87) 
0 30 0 08) 
0 40 0 46) 
0-18 0-28) 
0 28 0-42) 

0 27 0 66) 
0-36 0-80) 
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from IrUerruUwnale Tabdlen, 2, 611, is 2*32 A.) The potassium atom on 
(0, 0, 0*05) has a four-co-ordination group consisting of two oxygens from 
tartrate groups and two waters, while the other potassium atom touches 
two oxygens and two hydroxyls from tartrate groups, and four water 
molecules, thus having a co-ordination of eight. The interatomic disttmoes 
in these groups are shown in figure 2. 



FiorRE 2. Final Fuurier HynthaHW of ono-quarter of tlio complete umt cell pro¬ 
jected on (001), K^vuix the poaitiona choaen for the atoiiiH and the interatoiiuo dis- 
tancee in Angatroin uiuta. 

The potassium atom at (0, 0-06) has distances of 2-70 A to the two 
oxygens, and 3-01 to the two waters. Possibly it is also bonded to Water 
molecule 8 (at 3*29 A) which would increase its co-ordination to six. If 
there are also residual forces to water molecule 10 (3*52 A) the co-ordina¬ 
tion would go up to ten. These bonds above 3*2 A have not been included 
in figure 1, as they must be considerably weaker than the shorter bonds, 
but their possible existence suggests that the large K ion is readily polar¬ 
izable, and has a somewhat indefinite co-ordination. 
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The tartrate molecule has its chain of carbon atoms almost exactly in 
a plane. Figure 3 is a perspective drawing of the molecule the carbon 
atoms being in the plane of the paper. The C(OH)—COOH groups con¬ 
stituting each half of the molecule are also practically plane groups 
inclined at 60° ± 2 to the plane of the carbon atoms. The C—C distances 
found are 1-68, 1-63 and 1-62 A, while the C—O distances are 1*36, 1-32, 
1-22 and 1-16 A. The C—OH distances seem to be rather longer, viz. 1'40, 
1-61 A. It must be stressed that all the final atomic positions have been 
chosen from the Fourier maps without manipulation with a view to 
obtaining good interatomic distances, so that the values may be taken as 
independent determinations. They are not regarded as being very accurate, 
but the mean of 1-64 A is good supporting evidence fur the usually 
accepted separation of single bonded carbon atoms. 



Fioitbk 3. The tartrate molecule in parallel perspective viewed in a direction 
perpendicular to the plane of the carbon atoms, showing the angles between the 
various bonds. Each half of the molecule lies in a plane inolined at bO” to the plane 
of the carbon atoms. 

The water molecule 7 (see figure 1) is 2’76A from a potassium atom, 
2*39 A fixim a sodium atom, 2-73 A from a hydroxyl group, and 2-06 A 
from an oxygen atom, and apart from neighbouring atoms in the same 
co-ordination group it makes no other close approaches. The four bonds 
described have an approximately tetrahedral distribution in agreement 
with the Bemal-Fowler model for the water molecule. 

Water molecule 8 can also be given four bonds, although these are not 
so regular as in the previous case. These bonds are, to a potassium atom 
3-07 A, to a sodium atom 2*34 A, to an oxygen atom 2-67 A, and to a 
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hydroxyl group 3-14 A. If the latter distance be disregarded the water 
molecule may be regarded as of the planar type described by Beevers and 
Lipson (i934)> It should be pointed out that this water molecule is not 
resolved from other atoms in any of the three Fourier projections con¬ 
sidered, so that it is probably the least accurately located atom in the 
structure. 

Water molecule 9 has a distance of 3’01 A to a potassium atom and 
distances of 2-83 and 3-07 A to oxygen atoms 4 and 2 respectively. It is 
distant 2*86 A from water molec^e 10 and 3*20 A from the hydroxyl 
group 6 (in the unit cell removed) This final distance must be neglected 
if the molecule is to be fitted into the tetrahedral theory, and the bond 
between 10 and 9, regarded as a Ime of electrostatic force, may be taken as 
being directed from 10 to 9. The water molecule 10 has, in addition to the 
outgoing bond to 9, bonds to the sodium atom (2*31 A), to the oxygen 
atom 1 (2-66 A), and to the hydroxyl group 6 (2-99 A). The sodium bond 
must be regarded as mcoming, so that one of the bonds to the tartrate 
molecule must also be regarded as incoming. If the bond from oxygen 1 
be taken as incoming we obtain at once a simple explanation of the 
dielectric properties of Rochelle salt. 

Oxygen 1 is behaving as a positive atom to water molecule 10, but as 
a negative atom to the potassium and sodium atoms with which it is also 
m contact. That is to say, the oxygen atom 1 m association with its carbon 
atom is strongly polarized perhaps because of a hydrogen nucleus fixim 
another part of the molecule. The positive direction of the bonds is thus 
1 to 10, 10 to 9, 9 to 2. However, if the polarization of oxygen 1 can be 
transferred to oxygen 2 within the same molecule the positive bond direc¬ 
tion may now go 2 to 9, 9 to 10, 10 to 1. Such a change requires the water 
molecules 9 and 10 to interchange a positive and negative bond, i.e. in 
each case one of the hydrogen nuclei within the molecule shifts to one of 
the tetrahedral negative areas. This chain of atoms 1-2-9-10-1-2-9-10, 
etc., extends along the direction of the a-axis, the direction in which the 
anomalies are observed. Thus, if a field is impressed on the crystal in this 
direction the chain of molecules will arrange themselves so that the direc¬ 
tion of the bonds is the same as the direction of the field. This will involve, 
as has been pointed out by JafiFA (1937), a lowering of the symmetry to 
monoclinic, but since only the positions of hydrogen nuclei are involved 
the lowering of the symmetry will not be detectable by change in the 
X-ray intensities. 

The facts that the anomaly disappears gradually as potassium is sub¬ 
stituted by ammonium or rubidium or thallium and as the temperature is 
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raised above 25° C are probably to be accounted for by an expansion of 
the structure so that some of the contacts 2-9, 9-10, 10-1, are broken. 
The bond 2-9 is already 3<07 A long and this is probably near the limit. 
There is also to be considered the possibility of the rotations of molecules 
or of chains of molecules above 25° C, by analogy with the change from 
ferro to paramagnetism. The lower Curie point might correspond to para¬ 
meter changes which result in bonds being broken or made, or to the 
‘froezing’ of the subatomic changes. Further accurate intensity work 
on Rochelle salt at different temperatures and with the potassium atoms 
substituted would enable these ideas to be tested rigorously. We think, 
however, that three-dimensional Fourier methods would be the best to 
adopt. We hope at some more favourable time to use a Fourier machine to 
do this work (Beevers 1939 ). 

Method of analysis 

Fourier and Patterson methods were used to supplement each other m 
the elucidation of the structure. The Fourier method used is a general one 
applicable whenever the crystal is a member of an isomorphous series. 
In the present case the ammonium, potassium, rubidium and thallium 
sodium tartrates were studied, Weissenberg photographs being taken about 
the a-, b‘, and c-axes. From a knowledge of the position of the replaceable 
atoms in the lattice and observation of the changes of intensity between 
the different salts, the signs of the F’s can be obtained. 

In the case of the thallium compound the position of the thallium atoms 
can be readily deduced, since to a first approximation the intensities 
depend only on these atoms. This deduction in the case of Rochelle salt 
was first made by Dr R. C. Evans, to whom we are indebted for access to 
his unpublished work If we next assume that atoms replacing thallium 
occupy the same positions, the sign of each F may be taken to be the same 
as the sign of the thallium structure factor if there is an increase in the 
intensity as an atom is replaced by a heavier one. If there is a decrease in 
the intensity then the sign is opposite to the sign of the thallium con¬ 
tribution. In the actual carrying out of this process there are two diffi¬ 
culties, the first being due to the effect of the varying absorption coeffi¬ 
cients on the intensities, which makes it impossible to compare photographs 
of different crystals directly. In this work crystals were used which had 
been ground to accurate cylinders parallel to the axis of rotation, thus 
enabling the absorption to be calculated (Bradley 1935 ). The substitution 
of potassium by rubidium is particularly useful since the copper Ktx. 
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radiation used has an absorption edge between this pair of alkali metals, 
and the change of absorption coefficient is not therefore so marked. 

The second difficulty in the change of intensity method arises from the 
fact that many of the structure factors are small, and in the particular case 
of Rochelle salt rather a high proportion are actually zero. For example, 
in the {hOl) set all planes with I — & have a thallium or potassium structure 
factor which happens to be zero. When the structure factor is small valu¬ 
able information as to sign can be got by inspection of the thallium in¬ 
tensities, but when it is zero, of course, the sign cannot be derived by the 
method of substitution at all. In spite of these difficulties the projections 
obtained down the a- and 6-axes were substantially correct and the three- 
dimensional structure could have been derived from them immediately 
had it not been for the fact that in each projection two molecules are super¬ 
imposed. The resolving power is thus very low, and it was felt that more 
accurate positions were desirable. The lack of resolving power obtainable 
by Fourier methods is even more marked down the c-axis. The projection 
in this direction has a unit cell, as far as the potassium atoms are con¬ 
cerned, of one quarter of the true unit. This means that only the planes 
with h and k both even have a potassium contribution. Only these planes 
can therefore be used m a Fourier synthesis, and the resulting summation 
is a sufiorposition of the four quarters of the unit cell. 

The Patterson syntheses used in the work were: 

(1) Sections at z = 0, x » i and if of the three-dimensional synthesis 
of the ammonium salt. 

(2) Patterson synthesis of the (hkO) planes excluding those having h 
and k both even. 

The general intensities required for (1) were obtained mainly from layer¬ 
line Weissenberg photographs of the ammonium salt about the a-, b-, and 
c-axes. The use of the Weissenberg method rather than oscillation photo¬ 
graphs requires a much greater total exposure time, but this is counter¬ 
balanced by the perfect resolution obtained, and the ease of analysis of 
the photographs. The experimental work throughout was performed on a 
Weissenbei^ camera of special design (having a vertical travel of 0-74 mm. 
per degree rotation of the crystal, and a radius of 6 cm.) and mounted 
alongside a Metropolitan-Vickers ciystallographio X-ray set. The Weissen¬ 
berg photographs gave all the intensities obtainable with Cu K radiation 
except those within cusps having axes parallel to [111] in the reciprocal 
space. These remaining intensities were obtained frxim a set of oscillation 
photographs with [110] as rotation axis. In this case the layer-lines are 
so close together as to make the oscillation photograph the most advan¬ 
tageous method. 
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The derivation of the struoture from the three sections of the general 
Patterson synthesis alone is not easy, and the Fourier syntheses pre¬ 
viously described were found to be of great assistance in this work. The 
general Patterson synthesis is more symmetrical than the structure (it has 
the symmetry P 2/m 2/m 2/m with a unit cell one-eighth of the unit of 
the structure) and provides a correspondingly large number of alternative 
atomic positions corresponding to each peak. A further difficulty in the 
interpretation is that in the section at a;» for example, we obtain not 
only each peak due to a vector between corresponding atoms (related by 
the screw axis parallel to a) but also peaks of double weight due to different 
atoms having by chance the same value of x. In a structure as complex 
as Rochelle salt, with fifteen unique atoms m general positions within a 
Dog distance of 6 A there is almost certain to be a number of such coin¬ 
cidences, and they give rise to two pairs of atoms with the same inter¬ 
atomic vectors having x components of Similar considerations apply 
to the y = ^ and z — 0 sections. There is no doubt that if the complete 
three-dimensional synthesis were available it would simphfy a great deal 
the derivation of a complex structure. However, the labour of calculating 
the three-dimensional series with this size of unit cell is rather great. 

The interpretation of the general Patterson sections and the Fourier 
projections together, enables rather accurate atomic sites to be found, the 
only remaining alternative being that a position may be {xyz) or (J-x 
\ — yz), i.e. there is left a centre of s}rmmetry at (^, i)). If the first atom 

to be inserted is placed on one of these alternatives the Patterson synthesis 
of the (hkO) planes (which is the projection jiarallel to the c-axis of the 
general Patterson) shows which alternatives are to be chosen for the other 
atomic jiositions. In this way two structures can be built up, related to 
each other by a centre of symmetry at (J, J) and these corresiiond to 
and d- and l-forms of the optically active compound. The X-ray evidence 
cannot of course distinguish between them. 

Aote. The calculated and observed intensities and other details of this 
work are to be deposited in the archives of the Royal Society. 
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Application of the coincidence method for 
measurements of short life periods 

By J6zs9 RotbiiAT 

Cfeorge Holt Physics Laboratory, University of Liverpoci 
(Communicated by J. Ckadivick, F.H.S.—Jteceived 16 September 1940) 

A method ia deeoribed for the detoimmation of short radioactive and 
nuclear life penoda. It oonaiata in varying the length of the eleotnoal 
impulaea produced m a comcidenco arrangement of two Geiger-Mtiller 
counters. The method can be used for the measurement of life periods m 
the range 10-^ to 10-‘ sec. The half-hfe penod of radium C' has been 
measured m this way and found to be 1"46(± 0-06) x I0-* soo. Experimental 
evidence has been obtamed for the absence of y-rays m the transition radium 
C' -t-radiiun D, and some concluaions regarding the lifetimes of excitation 
states of radium C' have been drawn. Tlie determination of the mtensity 
of wofdc aourocH and of the offlciency of Geiger counters for various types 
of radiation is described The effect of a time lag in Geiger counters on the 
measurement of coineidencos ia discussed. 

Introduction 

In recent years the Rossi coincidence set of two Geiger-Muller counters 
has been developed into an important instrument for investigations in 
nuclear physics. This method is based on the assumption that two particles 
simultaneously emitted from the source, each of which operates one 
counter, are recorded by the set as a coincidence. It is, however, obvious 
that the recording of coincidences is defined not only by the ' simultaneous ’ 
occurrence of two nuclear phenomena but rather by the ability of the 
circuit to select phenomena occurring in very short time intervals, i.e. by 
its resolving power. Two phenomena which occur in a time say 10-* sec., 
one after the other, will be recorded as simultaneous by a coincidence 
set with a resolving time larger than I0~‘ sec , while a circuit with a smaller 
resolving time will not record the ‘coincidence’. The steady improvement 
in technique during recent years has resulted in the building of arrangements 
with very short resolving times, which, apart from other benefits, bring 
us nearer to the original idea of investigating true simultaneous phenomena 
or those which occur in extremely short time intervals (of the order of 
10 ~i> sec). On the other hand, the aforementioned dependence of the 
recording of coincidences on the resolving time suggests a new application 
[ 200 1 
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of the ooincidenoe method: by a deliberate variation of the resolving time, 
the time interval between two nuclear phenomena can be determined. 
Since the resolving time can be measured to a high degree of accuracy, 
this arrangement provides a valuable method of measuring radioactive 
or nuclear life periods which are so short that they cannot be measured 
by other methods. An application of this method to the measurement of 
the lifetime of radium C' was published by the author (1939) and at the 
game time by Dunworth (1939), who measured also the lifetime of 
thorium C'. In the present paper the method is described in more detail. 

Expewmkntai, akranobmbnt and results 

Variation of resolving time and cahhration of circuit. The use of the 
ooincidenoe method for measurements of short time intervals reqmres an 
arrangement which permits the resolving time of the circuit to be varied 
conveniently within broad limits There are many jmssibihties of varying 
the coincidence resolving time A variation of the common anode re¬ 
sistance of the Rossi valves, R^, or of the ‘discriminator bias’, Vg (this is 
the grid bias at the mixer stage, figure I), or of the electrical time constant 
of the mixer valve (C yBm) will affect the minimum time interval between 
the impulses in the two counters during which these are still recorded as 
a coincidence. These methods produce a change of the resolving time of the 
circuit as a whole. Another arrangement consists of the variation of the 
electrical time constants of the Rossi valves {CiRy, C^R^), and this can be 
done independently on either of the two valves. This method of variation 
of the duration of only one of the impulses produced by the entering of 
particles into the (leiger counters has sumo ailvantages which make it 
preferable to the others The rate of chance coincidences, which mevitably 
accomjiany all coincidence measurements, is proiiortional to the sum of 
the length of the electrical pulses on both Rossi valves. By keeping the 
length of one impulse constant and very small and varying only the 
length of the other impulse, the rate of chance coincidences is then 
reduced, this reduction amounts to nearly half, in the cage of long resolving 
times, where the chance coincidences represent the dominating factor. If, 
as hapx>ens in most oases, the two particles which produce the isoincidence 
can be distinguished, either liecause they are of different types or because 
of their different penetrating power, the method of changing the duration 
of only one impulse will also enable one to decide the ortler in which the 
particles are emitted. In the present work, the variation of the resolving 
time was accomplished by changing the grid resistance (Rj or R^, figure 1) 
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in either of the two Rossi valves; this was found to be muoh more oon> 
venient than the variation of the capacities {C) which were oonsequentiiy 
kept constant. 

The determination of the length of the impulse for each value of the 
grid resistance was performed by means of counting chance ooinoidenoes. 
Two Geiger-Muller counters placed at a groat distance one from the 
other, in order to exclude cosmic ray coincidences, were irradiated by two 
separate constant sources. Thus the recorded coincidences were only from 
uncorrolated particles The resolving time of the circuit was then determined 
from the formula 

= ( 1 ) 



where Ni, are tiie rates of countings in each counter, C\ the coincidence 
rate and Tj, t, the length of the impulses on each Rossi valve By choosing 
appropriate valves, the circuit was made completely symmetrical, as 
proved by the recording of identical coincidence rates when the resistances 
in both valves were interchanged. The validity of formula (1) and the 
symmetry of the circuit was checked many times by changing the values 
of and N^, and by alternative variation of the resistances in each circuit 
After a proper adjustment of the other component values* it was found 
that the resolving time changes considerably when the resistances vary 
between 10,0UU ohms and 10 megohms Figure 2 represents the calibration 
curve, this means the length of the impulse (on each Rossi valve) as a 

* The origuial ooiDcidonco Botr—-witli a conatant rcw)lving tuno — wem built m this 
laboratory by Mr J. R. Holt, according to a Hchemu sent by Dr J. V. Dunworth. 
I wish to express hero my gratitude to them. 
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function of the grid reoistanoe. Since both the reautanoe and resolving 
time vary by orders of magnitude, the ordinates and abscissae are both in 
a logarithmic scale. In the range of resistances 20,00012-4 Mi2 the calibra¬ 
tion curve is linear and the relation between the length of impulse and 
resistance can be expressed by the formula 


T-2-6xlO-<i2«-«, 



Fiourd 2 

where i2 is in megohms and r in seconds. As seen from the curve, under 
the working conditions, the resolving time can be varied between 
6 X 10~*-10~* sec. This interval can be, if desired, shifted in either direction, 
by some changes in the values of other components. 

Determination of life period of radium C' from at-fi coincidences. The 
first application of the method was the determination of the life period of 
radium C'. In this case, the emission of a yff-ray from radium C is followed 
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in a short time, which is on the average equal to the mean lifetime of 
radium C', by the emission of an a-particle. Since the a-partioles can be 
very easily distinguished from the yff-particlee and the efficiency of Geiger- 
Miiller counters for both kinds of particles is relatively laige, this process 
represents a most convenient case for testing the method. 

In order to improve still further the working conditions, one of the 
counters—^used for the detection of a-particles—^was operated in the 
proportional region, where it is sensitive only to a-particles. The advantage 
of working in the proportional region is twofold ‘ first, because by using 
a counter insensitive to and y-rays the rate of counts in this counter, 
and hence the rate of chance ooinoidenoes is considerably reduced, which 
is of great importance, particularly in experiments with a long resolving 
time when chance coincidences usually predominate; secondly, because of 
the complete exclusion of cosmic ray coincidences, which is of importance 
at very short resolving times where the rate of coincidences is very small. 
Special tests were made in order to make sure that the operation of the 
counter in the proportional region does not influence the length of the 
impulses on the Rossi valve In spite of the fact that there is no flat part 
on the counter characteristic in the proportional region, it was found that 
the changes of the sensitivity of the counter with the potential applied to 
it are fairly small; by usmg as a high-tension source for the counter the 
customary neon stabilizer, the sensitivity of the a-counter was found to 
remain practically constant (changes of 6%) during a period of over 
a week 

The Geiger-Muller counters used for the detection of a- and /9-particles 
were of the same size. They were each made of a brass tube, 3 cm. in 
diameter and 7 cm. lung, and provided with windows 2 x 4 cm , covered 
with mica of 1-5 cm. air equivalent. The counters wore placed with their 
axes parallel and the windows facing each other, the distance between the 
axes was 4 cm. Between the counters was a shielding screen with a small 
aperture in which the source could be fixed. The source consisted of a 
thin-walled glass tube filled with radon. Measurements of the range of the 
a-particles issuing from the tube showed that the walls of the tube had a 
thickness of 2*76 cm. air equivalent. Under these conditions the a-particles 
from radium C' only were registered, the total air eqmvalent in the path 
of the particles being larger than the range of the a-partioles from radon 
and radium A. An aluminium foil of 100 mg./cm.* thickness, interposed 
between the source and the /9-counter, prevented the a-partioles from 
reaching that counter, and also cut off almost completely the /9-rays from 
radium B. 
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The meosurementfl consisted in counting the coincidence rate as a 
function of the length of the /^-impulse, the length of the cc-impulse being 
kept constant at 6 x 10-* sec. However, in order to check the proper 
working of the circuit, the coincidence rate was also measured after each 
set of counting with reversed values of resistances, i e the length of the 
yj-impulse 6 x 10-* sec. and of the a-impulse variable. In this latter case, 
the recorded coincidences are practically only chance ones (there is also a 
very small rate of genuine coincidences, corresponding to the resolving 
time 6 x KH sec.). Since the total resolving time is in both cases the same, 
the difference between the two sets of counts gives at once the genuine 
rate of coincidences (with the mentioned correction). The difference in the 
coincidence rate in the two cases is very striking; for example, with a 
length of the /^-impulse of 10~* sec. and a-impulae 0 x 10~* sec., the 
coincidence rate was 17 per minute, while with the resistances reversed 
it was only 1 per minute 


Tablb 1 


Length Counting 
Grid ofy9 rate of a- 

riDist- im- particles 

luico pulse per nun. 

« T AT. 

6 mi; 86 5 1980 

X 10-* 1461 

SCO. 1260 

884 

546 


Counting Total 

rate of ooinoidenoe 
(xurtioles rate per 
per min min. 

N, C 

4045 257'9±3 2 

3008 164 9 ±2-8 

2606 139 0 ±2 0 

1823 88-4 ±1-7 

1098 47 9 ±10 


Chanoo 

com* 

oidcnce 

rate 

C, 

1167 
63 8 
47-9 
241 
9-2 


Qenuino 

coin¬ 

cidence 

rate 1600 x 

C. CJN, 

1412 I07 0±24 

1011 104-6±2 9 

911 108-5 ±2-4 

64 3 109 2 ±2-9 

38 7 106-3 ±27 


Meal 

valii 

107 2±1 2 


O.IMi; 13-2 2062 

X 10-‘ 1846 

sec. 1560 

1090 
534 


4326 83 6 ±2-7 20 8 

3762 76 1 ±1-4 16-2 

3218 61 U±I4 118 

2236 41 6±10 6-8 

1108 18 5±0-6 1-4 


62-8 45 0±20 4S6±06 

58-9 47 8±1I 

49-2 47 6 ±1-3 

36 8 49-3 ± 1 3 

17-1 48-0 ±1-7 


Owing to the relatively high eflSciency of the counters for a- and fi-nya, 
the total coincidence rate was very high, and amounted sometimes to over 
250 per minute. In order to ascertain that the recording circuit does nut 
miss coincidences at such a high rate, the experiments were extended to 
a period of over a week, during which the intensity of the source had 
decreased to less than a quarter of its original value. Typical examples 
of the results are given in table I which contains the measurements 
obtained with two different values of the length of the /^-impulse. The true 
coincidenoe rate is corrected for decay of the source by calculating its 
value for that intensity of the source which gave 1600 a-particle counts 
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per minute. It will be seen that for each set these oorreoted values 
1600 X CgjNg are constant within the experimental error, showing that the 
behaviour of the circuit is satisfactory. 

The final results are represented on figure 3, where the genuine coincidence 
rate—^reduced to that intensity of the source which gave 1600 counts per 
minute in the a-counter—are plotted against the length of the /^-impulse 
on the Rossi valve. Except for the small distortion at the beginning, which 
can be seen more distinctly on the graph with the larger socde, the curve 
shows a pure exponential increase. As will bo shown in the next chapter, 
this exponential increase is defined by the disintegration constant of 
radium C'. Prom the curve we obtain thus that A »(4-78±0'16)x 10* 
sec.-^. or the half-life period of radium C' is 


T =* (1-46 ± 0-06) X 10-* sec. 



PiaosB 3 

Determinaiion of life period of radium C' from ct-y-coxncideneea. In some 
nuclear processes it might be desirable to measure the time interval 
between the emission of a particle and the following y-quantum from the 
excited nucleus, or vice versa. It is therefore of importance to test the 
method for the case in which y-rays are used. For this purpose the life 
period of radium C' was also checked by measurements of the delayed 
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coincidences between the y-raya from the process RaC->RaC' and the 
a-partioles. Apart from the technical aspect, this particular problem is 
aim of interest for the investigation of the level scheme of radium C. 

The employed technique was much the same as in the case of a-/?- 
coincidencM. Instead of the yff-oounter a y-countor was used, consisting 
of a brass tube of the same dimensions and 1*1 mm. wall thickness; an 
additional aluminium screen of 4 mm. thickness was interposed between 
the counter and the source in order to absorb the hard y?-rays from 
radium C. Owing to the smaller efficiency of the Geiger counter for y-rays, 
the total coincidence rate was much reduced and the accuracy attained 
after the same period of experiment correspondingly less. The obtained 
results are represented in figure 4. From the curve we calculate the value 
for the half-life period of radium O', T = (1-56 ± 0-20) x 10-* sec., which is 
in good agreement with that found from a-fi coincidences. 



The agreement in the value of the half-life period indicates that the 
y-rays arising in the process RaC->RaC' are emitted immediately after the 
/S^-rays, or more strictly that none of the quantum levels of radium C' of 
a high excitation ham a life period longer than 10 * sec. A further conclusion 
may also be drawn from these measurements. The curve of figure 4 goes 
through the zero of the co-ordinates; this means that no y-rays of an 
appreciable amount are emitted simultaneously with the a-particles. The 
experiments in which the length of the y-ray impulse was constant and 
very short and the length of the a-impulse varied, showed that under 
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those conditions all recorded coincidences were only chance ones; this lecMis 
to the conclusion that no emission of y-rays follows the emission of 
a-particles within a period of 10~* sec. We may therefore conclude that 
no y-rays arise in the process RaC'-*-RaD, and consequently that the 
radium D nucleus is always formed in its ground state. This conclusion 
is in agreement with the scheme proposed by Ellis (1934). 


Discussion 

CaJculation of radioactive life period from coincidence meaaurenunis. The 
determination of radioactive lifis periods from coincidence measurements 
is based on the following considerations. Suppose that the emission of a 
particle from a radioactive element results in the formation of a new 
radioactive element with a disintegration constant A. The probability that 
the product will disintegrate in the time interval between t and t + dt 
(counting the time since the disintegration of the first element) is ke~^*dt 
Hence the probability for the emission of a particle from the product 
during a time t, or the rate of expected genuine coincidences when the 
duration of the first impulse is t, is given by 

where 6’^^ is the maximum rate of coincidences, which is theoretically 
obtained with an infinitely long resolving time. 

However, for technical reasons, the integral cannot be taken from zero 
Theoretical considerations, as well as the experiments of Dunworth (1939), 
show that there exists a certain time lag between the moment when the 
particle enters the Geiger counter and the moment of occurrence of the 
drop of the }x)tential of the wire, which marks the beginning of the electrical 
pulse. This time lag is obviously dependent upon the kmd and size of the 
counter, the nature and pressure of the gas in it, and the value of the leak 
resistance. However, even with fixed conditions one may expect that the 
time lag will not be constant but wrill vary within certain limits. Thus if 
the duration of the electnoal pulse is smaller than the difference in the 
duration of the time lags in the counters, it might happen that the impulse 
produced in the circuit of the first counter will be finished before the 
impulse in the second circuit has started. In such a case the emission of 
two particles simultaneously or in a very short tune interval will not be 
recorded, the coincidence will be mused. Ckmsequently, in the above 
integral the lower limit should be not zero, but a variable time dependent 
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upon the ooourrenoe of various differenoes in the time lags of the two 
oountera. Without knowledge of the probability for the ooourrenoe of 
various time lags, it is impossible to calculate this function. However, for 
practical purposes it will often be sufficient to assume a certain average 
difference in the duration of the time lags, rg, which will be of the same 
order of magnitude as the time lag itself. We obtain then 

( 2 ) 

The rate of genuine coincidences is thus an increasing exponential 
function of the difference between the length of the first impulse and the 
average time lag. The exponential increase of Cg is shown m figures 3 
and 4, from which we have calculated the vidue of A. The existence of the 
time lag is apparent on the first part of the otirve in figure 3, which is 
given also in a larger scale. It can be seen that the curve is, at the be¬ 
ginning, distorted from its exponential character. Drawing the curve 
through the experimental points we obtain the value of —the average 
time lag difference—as 3 x 10~‘ sec. This value is in fair agreement with 
the figure obtained by Dunworth and with those deduced from theoretical 
considerations (May 1939; Montgomery and Montgomery 1940). 

Ddermtnation of the absolute inteimty of the source and the efficienctes 
of the counters. The determination of the maximum rate of coincidences 
in the RaC-^RaC'->RaD process fiermits also measurements of the 
absolute strength of the employed source and the efficiency of the Deiger 
counters for the detection of the radiations. We shall denote by N the 
intensity of the source, i e. the rate of disintegrations per unit of time, 
by e,, €g, the efficiencies of the counters for a- and /^-rays (e includes also 
the solid angle). The rate of counting in each counter is then given by 

= Nf=N€^. (3) 

Smce the emission of each /9-ray from radium C is followed by the emission 
of one and only one a-particlo from radium C', the maximum rate of 
coincidences will be 

C„^=Ne,ej,==N,NflN. (4) 

Measuring the values of N^, Np, C _we can from these equations 

calculate the other three values N, Cp. 

The experimental values are = 109 per ram , for = 1600 per min., 
and NplNg = 2-08, we obtain therefore JV = 716 particles per second, 
e. = 3-6xl0-*, = 7-3x10 

It must be remembered that at the time of experiment the /9-oounter was 
shielded with 100 mg./cm.* of aluminium, in order to absorb the /9-rays 



270 


J. Rotblat 


from radium B. By taking into account the abaorption of the /J-raya from 
radium C in that foil and the y-raya recorded by the counter wo oaloulate 
the effidenoy of the /9-oounter for ;?-rays with no absorber, =* 15-6 x 10~*. 

Analogous calculations for the case of a-y coincidences, where b 3*7 
per min., give a value for the efficiency of the y-counter =■ 2*6 x 10“*. 
This is the average efficiency of the counter for the y-rays emitted in the 
process Ra C->-Ra C'. 

The method of determination of the strength of the source from co¬ 
incidence measurements represents a suitable and accurate method for 
measurements of the absolute intensity of weak sources. It is worth while 
mentioning that the use of the radium C process is the most appropriate 
for this purpose, since the assumption on which it is based, that each 
fi-ray is followed by one a-partiole, is quite certain, this is not the case 
when other nuclear processes are used as a basis. It is also convenient and 
quick, owing to the high efficiency of the counter for a- and /?-rays. Once 
the efficiency of the /^-counter is determined by means of the radium C 
process, the absolute intensity of other sources can be very easily found. 

Ltmtta of appltccUion of the method. The use of the comcidenco method 
for measuring short life periods requires obviously that the resolving time 
of the circuit should be of the same order of magnitude as the measured 
time interval. The application of the method is limited however by factors 
other than the resolving time. As is evident from the preceding con¬ 
siderations coincidences are missed when the resolving time becomes 
smaller than the time lag of the counter The time lag will therefore define 
the lower limit of the life periods measurable by tliis method. With the 
counters used in the present work the time lag was about 10-* sec., by 
some changes in the construction of the counters and circuits the time lag 
can be reduced by an order of magnitude. The lower limit may thus be 
set as 10-’ sec. The upper limit is defined only by the possibility of 
lengthening the impulse on the Rossi valve and could therefore be fairly 
high, here however the limit is defined by the rate of chance and cosmic-ray 
coincidences With increasing resolving time the rate of chance coincidences 
becomes relatively more and more important. If the experimental error 
has not to be too large, the rate of chance coincidences should not be 
greater than the rate of the genuine ones. From equations (1), (2) and (4), 
and by neglecting T|, Tq and the natural background of the counters, we 
find that C, will be of the same order as 6^ if ~ (1 — e~^^)lr. Therefore the 
strength N of the source must not be larger than A. But with a very weak 
source the absolute rate of coincidences is very small. For instance, for 
life periods of 0-1 sec. the intensity of the source must not be larger than 
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10 per sec. For a product of efficiencies eie,~ 10-», this gives a maximum 
rate of genuine coincidences of only 0-6 per min. At smaller efficiencies of 
the counters this rate will be still smaller; if cosmic-ray coincidences are 
also recorded, they will represent the factor introducing the largest 
experimental error. The upper limit will therefore be about 10-^10-* see., 
according to the experimental arrangements. Some technical improve¬ 
ments which will increase the efficiencies of the counters may enable us 
to push the limit still higher, to the r^ion where the life {leriods can be 
measured by ordinary methods. 

It is a pleasure to the author to express his gratitude to Professor 
J Chadwick for the hospitality and kmd interest and many valuable 
suggestions made during the work. The author is also greatly indebted to 
the Feliks Wi^cki Fund of Warsaw for the Fellowship which enabled him 
to come to England. 
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MoJecuIar anisotropy of urea, CO(NH2)2, and of 
related compounds 

By Kathlbkk Lonsdalb 

Davy Faraday Laboraiory, Royal Institution, W. 1 

{Communicated by Sir William Bragg, P.R.S.—Received 4 October 1940 ) 

[Plate 7] 


The mafpietio aniHotropy of urea has been measured and compared with 
that of the carbonate and nitrate groups. It does not appear that the 
hydrogen bonds contribute appreciably to the anisotropy; the latter 
indicates about tlin same degree of resonance in all three groups The 
anisotropy of the refractmties is greater in urea tlian m the carbonate 
group, showing tliat the radical must be much more polarizable 

than the ()~ ion, allowance being made for the interiomc distances. Urea 
nitrate, urea oxalate, cyanunc acid dihydrate and anhydrous cyanurio acid 
all crystallize in layer structums. as shown by cleavage. X-ray data, mag¬ 
netic and optical oliservations. The magnetic anisotropy of urea nitrate 
anil urea oxalate is approximately additive, but that of oyanimc acid 
dihydrate is considerably larger than the aiiditive value for tliree urea 
molecules, being comparable with that of other cyanunc ring compounds. 
Although the molecules in each layer must be joined together by hydrogen 
bonds, it does not follow that hydrogen bonds form the links between 
successive layers, since the layer to layer distance of 3 06 ± 0 10 A is 
characteristic even of cyanurio tnazido, which contains no hydrogen bonds 

Ubba 

Urea or carbatnulo, C 0 (NH,),, crystallizes from water in long colourless 
prisms, melting at 132°-7 0 These belong to the tetragonal scalenohedral 
class and the crystal structure has been investigated m detail (Mark and 
Weissenberg 1923; Hendricks 1928, WyckoflF 1931,1933, Wyckoff and Corey 
1934). The oxygen atom of one molecule approaches within 3 A of the amino- 
end of the next, the carbon-nitrogen distance ( 1-37 A) in the molecule is 
intermetliate between the normal single-bond and the double-bond distances, 
and is com]iarable with those in the cyanuric ring (Knaggs 1935), while the 
carbon-oxygen distance ( 1-25 A) is the same as that in the carbonate group 
(Ewald and Hermann 1931, 1937). This is consistent with a structure in 
which molecules which are resonance hybrids of the forms 
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ore linked together by hydrogen bonds. The tautomeric form 



and the alternative zwitterion forms 




may also exist, although these would be expected to mvolve a rather larger 
carbon-oxygen distance than is actually found. It has been suggested by 
(’low {1937) that forms IV are more m accordance with the known mean 
diamagnetic susceptibility, but this argument is based on the applicability 
of the additive rule. In the case of resonance structures, however, the 
additive rule is not reliable, owing to the fact that ‘molecular orbitals’— 
electrons whose probability density is distributed over the whole molecule 
—introduce a large extra susceptibility normal to the atomic plane, whose 
value depends on the nature of the resonance and the size of the molecule. 
A further unknown factor, not hitherto allowed for, is the possible con¬ 
tribution of the hydrogen bonds to the mean susceptibihty (Angus and Hill 
1940). Since these hydrogen bonds are highly directive, it does not seem 
{irobable that their individual mimetic susceptibility, if any, would be 
isotropic, although their joint contribution to the crystal susceptibilities 
might be In any case, the susceptibility of the molecule will not be isotrojiic 
and therefore measurements of the magnetic anisotropy of the crystal may 
be expected to provide further useful information on the subject of molecular 
structure. 


Mcujneiic anisotropy of urea 

The mean susceptibility of urea has been independently measured by 
Pascal (1912), Devoto (ig^z) and Clow (1937). Their values agree closely, 
- 33-60, - 33-40 and - 33-66, giving a mean value - 33-66 ( x 10-*). 

The magnetic anisotropy of the crystals was qualitatively observed by 
V. V. Lang (1899}, stated that the diamagnetism was weakest along the 
principal axis (see also Bhagavantam 1929). This is correct, measurements 
on a number of good crystals (mass of largest 6-60 mg., density 1-333 g./c.c. 
at 21“/4° C) in a field of about 7000 oersted, using a quartz fibre long and 
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fine enough to take a torsion of up to 6^ complete rotations for a 46° deflexion 
of the crystal, give the value 

= 2-67 X io-«. 

Hence Xa = - 34-41 x 10-«, Xe = “ 31-84 x 10-«. 

The molecular planes are parallel to the (110} crystal planes, and hence 
the susceptibilities of a single molecule in and perpendicular to the plane 
of the atoms are 

iC, = - 31-84 X 10-«, J. = - 36-»8 x 10 •, 
giving an anisotropy of 6-14 x 10-*. 

This value is comparable with the magnetic anisotropy of the carbonate 
and nitrate groups, which varies from 4-0 to 5-1 in different compounds 
(Krishnan, Guha and Banerjee 1933). In the carbonate and nitrate com¬ 
pounds investigated there were no hydrogen bonds, while the arrangement 
of hydrogen bonds in urea is such that it does not seem probable that they 
would contribute appreciably to the crystal anisotropy. The observed 
anisotropy in each case, therefore, is a consequence principally of the 
resonance in the molecule. It may bo concluded that the resonance in 
CO(NH,)| 18 of the same order as that in CO, or NO,. 


Optical anisotropy of urea 

The optical constants of crystalline urea have been measured a number 
of times, the results being given below in the form of a table (all data 
referred to Na 689): 


Pm 

1-48R 

1-484 

1-474.3 

1-485 


P. 

1-61 Holland (1908, 1910) 

l-6()2 Wborry (1918) 

I -6006 Moore and Gatewood (1923) 

1 600 Mayrhofer, Hencig and Loinder (1926) 


The fact that the birefringence is positive is a direct consequence of the 
crystalline ‘ chain structure ’. The optical anisotropy of the molecule itself 
is negative. In the following table the molecular refractivities. 


R 


M p>-1 
p /t»+2’ 


of the different groups are compared, allowance being made for the tefrac- 
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tivitiee of the initial atoms in the carbonates and nitrate (Wasastjema 1923; 
W. L. Bragg 1924; Pauling 1927) and for the crystal arrangement in urea. 


(itTO, (oalcito) 1 658 

I aCU, (aragoniUO 1-6861 

l-68l] 

SaNO, 1-686 

(()(NH,), 1-482 


1-486 2-76 

1-630 2 94 

1-336 2-266 

1-604 1 336 


Cr ystal 

' ip 

13-31 10-37 

12-01 10-61 
12-62 7 81 

12-82 16-47 


Group 

R,. 

11 32 8-381 
10-92 8-62) 

12 16 7 36 
15 47 10 17 


cor 

Nor 

CO(NH,), 


The relatively large refractivity of the urea molecule, especially in its 
own plane, in spite of the increased distance between C and NH| as com¬ 
pared with the C-0 distance in the carbonate group, clearly indicates that 
the NH, group is much more polarizable than the oxygen ion. 


Urea nttbatb 

Urea nitrate, CO(NHj)j.NO,H, forms monochnic prismatic crystals 
from hot water. These are tabular on {001}, with {010} {110} {100} as side 
faces. There is a perfect cleavage parallel to the basal plane (001) and the 
crystals bend rather easily in this plane. They frequently twin by reflexion 
across (001), simulating orthorhombic symmetry. Barker (1911) has given 
the goniometric data o:6:c = 0-9966.1;0-9142, /ff = 76®2J', but he has 
chosen a different a axis, which makes the cleavage plane {101}. In view of 
the structural importance of the cleavage plane, it seems preferable to retain 
the earlier nomenclature (v. Lang 1862; Gaubert 1907), in which case the 
crystallographic constants given by Barker would become 

o:6:c = 1-1660:1:0-9142, = 124®-3. 

X-ray photographs and magnetic and optical measurements all strongly 
indicate a layer structure, in which the molecules are parallel or nearly 
parallel to (001), the cleavage plane. Laue, rotation and Weissenbeig 
photographs have been taken. The unit cell dimensions found are a = 0-60, 
b = 8-20, c = 7-64 A, /? = 124°. The density, determined by the suspension 
method in a mixture of ethyl iodide and alcohol, is 1-690 g /c.c. at 20°/4° C, 
and there are therefore four molecules in the unit cell. The following re¬ 
flexions are missing: (AOI) if I is odd, {Okl) if k is odd, and in addition (AOl) 
reflexions are very weak when h is odd. The space-group must be the 
similarity in scattering power of CO(NH|)2 and NOjH probably accounting 
for the absence or weakening of reflexions whose absence would not be 
required from space-group considerations alone. The (002) plane, spacing 
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3'13 A, gives the most intense reflexion in the crystal, and in Lane photo- 
graphs given a strong exposure the (001) reflexion is accompanied by a very 
large intense diffuse spot in the (002) position (figure 1, plate 7). This is 
typical of layer structures, as may be seen by a comparison with the Laue 
photograph of hexamethylbenzene (figure 2, plate 7), in which the large 
diffuse spot corresponds to the (001) plane, parallel to which there are 
layers of flat molecules separated by the van der Waals’ distance 3'66A 
(Lonsdale 1929a, b; Brockway and Robertson 1939). 

The fact that the (002) plane is not only a ‘layer’ plane, of moderately 
small spacing, but also grows as the main face on large crystals, and can in 
addition be bent to form a curved surface, makes this substance an excellent 
monochromator, giving an intense secondary beam well separated from the 
primary radiation. It has been used in this way in this laboratory and 
previously by Mr R. D. Preston (1939) at the National Physical Laboratory. 

Magnetic animtropy of urea nitrate 

Magnetically the crystals are nearly uniaxial, with the maximum dia¬ 
magnetic susceptibility x* as nearly as can be measured normal to (001). 

X*>Xi>Xa (Xs along 6), 

= 13x10-, ^i-X* » 7-06x 10- x»-Xi = I’OO x 10- 

A determination of absolute susceptibility was made by the Rabi- 
Krishnan method, using (ethyl iodide-t-alcohol) and (ethyl iodidealcohol 
+ NiCl,.flHjO) as the balancing liquids The value obtained for x„,,„ was 
— 0-68„ X 10— ( + O-Olo) at 20° C for crystals of density 1-690 g /c.c., so that 

Xi = - fiO-O X 10-, X* = - 57-6 X 10-, Xa = - x 

The moan susceptibility, x = - 62-6 x 10—. The sum of the mean suscepti¬ 
bilities of urea (- 33-55) and of HNOg (—19-2; Pascal (1910) corrected to 
Xh,o = - 0’72 X 10-*) is - 52-75. The excellence of the agreement indicates 
that there is no resonance between the urea and nitrate groups, but only in 
the separate groups, and that the hydrogen bonds do not contribute 
appreciably to the mean susceptibility. 

Optical aniaotroptf of urea nitrate 

V. V. Lang (1862) gives the foUowing optical data; Strong negative 
double refraction, optic axial plane (010), acute bisectrix normal to (001). 
2E = 21° 10' (red), 23° 10' (yellow), 24° 30' (green), 26° 30' (blue). These are 
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easily verified qualitatively on cleavage slips. Hence a is perpendicular to 
(001), fi along b, y along e. Since = 11° 35' (Na) and 

y*_a* ’ 

there can only be a very small difference between and y. 


sin*i? = 


UbBA OXAIiATB 

Urea oxalate, 2C0(NH,)|.C,H,04, crystallines from hot water in mono¬ 
clinic prisms, platy on {010}, bounded by {110} or {120}, {011}, {llT}, {001} 
and {20T} (Lc^hmidt 1865). There is a perfect cleavage parallel to {20T{ 
which, however, is only a minor face on the crystals. The crystallographic 
data given by Losohmidt are a:6:c = 0‘6642:1:0-4106, ^ = 97°50'. 
X-ray measurements of the unit cell give a = 7-02, b => 12-42, c = 5-08 A. 

The density, measured by the suspension method, is 1-684 g /c.c. at 
21°/4°C, and hence there are two molecules of molecular weight 210-06 m 
the unit cell. [These X-ray data incidentally prove that there is no water of 
crystallization.] The absent reflexions are (Aol), where h is odd, and (OH)), 
where k is odd; the space-group, therefore, is P 2Ja. The reflexion from (20T), 
spacing 3-10 A, is the most intense observed, and on Laue photographs 
taken with the crystal suitably placed there is a very large diffuse siHit 
corresponding to the position of the (201) reflexion by monochromatit- 
radiation (figure 3, plate 7). This crystal also, therefore, must possess a 
layer structure; the molecules lie parallel to (201) and are linked together by 
means of hydrogen bonds. 

Magnetic aniaotropi/ of urea oxalate 

The maximum diamagnetic susceptibility, x*. is exactly normal to (201) 
Measurements on a large crystal weighing nearly 16 mg gave > A'a- 

Ai-A, = 12-64X 10-«, As-X. = {6-80x 10^, x^-Xi = 3-27 x 10-^. 

The absolute susceptibility of urea oxalate was not determined; in every 
mixture of solutions tried, some chemical action was found to take place 
which changed the oxalate so that a gradually changing value of the sus¬ 
ceptibility was found. A sufHoient quantity of the material was not available 
for the powder method to be used. 

The exact value of the magnetic anisotropy of a single molecule cannot be 
determined, either for urea nitrate or for urea oxalate, until the precise 
orientation of the molecules is known. If, however, we assume that the 
separate groups are magnetically uniaxial, an assumption knoa-n to be 
nearly true for C,H,04 (Lonsdale 1938) and probably true also for CO(NH,), 
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and HNO}, then it is possible to make a reasonable estimate of the aniso¬ 
tropy. The minimum molecule susceptibility must be either eqvial to, or 
less than, the minimum crystal susceptibility, and the molecule anisotropy 
will be equal to, or greater than, [(Xt — ;Ci) + (Ai — Thus for urea nitrate 
the molecule anisotropy will be at least 0-22, and for urea oxalate it will be 
at least 19*07( x 10-*). The tilt of the groux>s to the cleavage plane will be (for 
each substance) of the order of 20" to 26*. On the basis of existing measure¬ 
ments of the anisotropy of CO(NH,),, NO, and CiHjO,, the probable 
anisotropy of the urea nitrate molecule and the urea oxalate molecule 
respectively would be 

6-14+ 4-80 * 10-03 ( X lO**) and 2(6-14) -t- 9-47 = 19-76 ( x lO"*). 

Optical anisotropy of urea oxalate 

Gaubert (1907, footnote on p. 380) reports that the optic axial plane is 
(010) and the acute bisectrix normal to (20T). This has been verified on the 
crystals used; the birefringence is strongly negative, with /? along b, x normal 
to (20T) and y parallel to (20T) and (010). The optic picture seen in (20T) is 
almost indistinguishable from that of urea nitrate in its cleavage plane, the 
optic axial angles having, as nearly as can bo judged, almost the same value 
in the two substances. 


CyANUMC AOID DIHYDRATK 

Cyanuric acid dihydrate, C,N,0,U,.2H,0, may exist in two possible 
forms 


h/\h 

t i 


li A 


The first form can only involve a cyanuric ring in the zwitterion state 
o- 

I i 

-<^ 5 ^ 0 - 


It forms monoclinic prismatic crystals from hot water, for which (Billows 
1907a, b) a :b:c = 1-3694:1:1-8602, /? = 106° 4f. These are platy on {001}, 
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elongated on 6, and have side faces {101} {100} {lOT} {110} {011} {112}. There 
is a perfect cleavage on {101}, imperfect on {001}. X-ray measurements 
have not yet been made, on account of the instability of small crystals. 

Magnetic anisotropy ofcyanurie acid dihydrate. 

The maximum diamagnetic susceptibility, is almost normal to (101). 
The crystals deteriorate rapidly in air, probably through the loss of some 
water of orystaUixation, and in breaking up they become mote and more 
isotropic. The measurements of anisotropy are not, therefore, very accurate, 
but probably err on the side of being too small. The best measurements gave 
Xi-Xi ” 24-2 X 10'*, = 23*9x 10-*. was not measurable: 

^ (angle positive in obtuse /ff) = -31°-l. The angle 

(101): (100) = SO^-S. 

The absolute susceptibility of oyanurio acid was not determined because 
in all the solutions tried the crystals quickly became cloudy, probably due 
to partial dehydration. 

Optical anisotropy of cyanuric acid dihydrate 

Cleavage fragments show strong negative birefringence of the same order 
as that of urea nitrate or urea oxalate: fi is along 6, a normal or almost 
normal to (101), y parallel to (101) and (010). 

Discussion of structure 

The magnetic and optical observations again show that the structure is of 
a layer type, with the molecules parallel to the (101) jdanes 'riie magnetic 
anisotropy is of the same order as that of other cyanuric ring compounds 
(cyanuric triazide 21-9 x lO"®,LonBdalei937,melamine,C3NjH,,2M5 xlO**, 
Knaggs and Lonsdale 1940) and is larger than would be expected for mole¬ 
cules of form I alone. Cyanuric acid dihydrate can be synthesized from urea 
hy strong heating, but the anisotropy is considorably larger than that of 
three molecules of urea, which would be 5 14 x 3 = 15-4 ( x 10''®). The struc¬ 
ture most strongly indicated by the magnetic data is therefore a resonance 
structure based on form II, the molecules being bound together in the 
crystal by hydrogen bonds 

Anhydrous cyanuric acid has been examined by X-ray methods by 
Wielienga and Moerman (1938), who found a pseudo-rhombic unit cell, the 
monoclinic angle being 90°. Here also the molecules are arranged in layers 
fiarallel to the (101) planes. There is a perfect cleavage and strong negative 
birefringence, the acute bisectrix being normal to (101). The cleavage planes 
(202) are 2-97 A apart. It is tempting to suppose, in -v^iew of this distance, that 
there are hydrogen bonds not only between molecules in one layer, but also 
between molecules in successive layers. That this is not necessarily the case. 
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however, ia shown by the fact that in 03^iiTio triaside the distance between 
saooessive layers of molecules ia also 2-98 A (Knaggs 1935), although in this 
structure there are no hydrogen bonds. All oyanurio ring compounds so far 
examined possess layer structures. 

I am veiy much indebted to Sir William Bragg and to the Managers of the 
Royal Institution, in whose laboratories this work was carried out; etlso to 
Dr I. E. Knaggs and Mr H. Smith who assisted with the X-ray experimental 
work, and to Professor A. Lowenbein, who synthesized the urea oxalate 
for me. 
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The distribation of electricity in thunderclouds, 11 

Bt Sie Geobob SiMFsoir, K.C.B., D.So., F.R.S., and 


{Received 10 September 1940) 

Tho investigation of the distnbution of elootnoity in thundorolouds 
described by Simpson and Sorase in 1937 has been oontmuod at Kew 
Observatory. Alti-eleotrographa, which record the sign of the potential 
gradient, are sent up on small free balloons. Additional observations made 
during eight thunderstorms in the years 1937, 1938 and 1939 are discussed 
and the conclusions reached by Simpson and Sorase are confirmed. Elach 
thundercloud has positive electricity in the upper half of the cloud, negative 
electricity m the lower half and m most storms if not m all there is a 
concentrated positive charge below the main negative charge. The genera¬ 
tion of the positive and negative charges m the mam body of the cloud is 
ascribed to the impact of ice crystals «md that of the positive eleotncity 
m the base of the cloud to tho breaking of ram drops m an ascending 
current of air. 

Observations on the distribation of electricity in thunderclouds, in 
continuation of the work described by Sjmpson and Scraae in a paper 
published in these Proceedings in 1937 (referred to hereafter as S. and S.), 
have proceeded at Kew Observatory during the three years 1937-9. 

These years proved to be very different in their production of thunder¬ 
storms at Kew and on the whole rather disappointing. In 1937 there were 
thunderstorms on eight days and thirty-five soundings were made, but 
the number of failures was unduly lai|^; the records from five storms are 
available for discussion. The year 1938 was remarkably dry at Kew and 
only four storms were smtable for investigation; two of these were so 
slight that the records showed no measurable fields; thus only two storms 
from 1938 are available for discussion In 1939 there were only three 
suitable storms at Kew; two of these wore very short, and sufficient data 
for useful discussion were not obtained. Table 1 gives the results of the 


three years’ work. 

Tablb 1 

Legible records 38 

Records with fields too small to measure 6 

Defective records 14 

Records not recovorod 

Total number of soundings 62 

Vd. 177. A. (34 February 1941) [ 281 1 18 
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Before proceeding to describe the results of the soundings the following 
short recapitulation of the previous paper will help the reader to understand 
the new work. The alti-eleotrograph makes two records against time 

(а) a record of the sign of the vertical electrical field, and 

(б) a record of the atmospheric pressure, fix>m which heights can be 
determined. 

The electrical record is obtained by two electrodes about 3 mm. apart, 
resting on a disk of pole-finding paper which is rotated by a small clock. 
One electrode is connected to the case of the instrument and the other to 
an insulated wire about 26 m long trailing below the balloon. In a strong 
electric field a small current passes between the electrodes and a stain is 
produced on the disk below the positive electrode. When the field reverses 
the stain is produced under the other electrode. Thus at any time the 
direction of the field, if above a certain minimum value, can be read off 
from the disk. The width of the stain varies according to the strength of 
the current and therefore to some extent accordmg to the strength of the 
electric field. A formula is given in S. and S. connecting the width of the 
stain with the strength of the field producing it. 

The height of the balloon at any time could be determined firom the 
pressxire record if the temperature of the air were known. As temperatures 
at the balloon were not recorded this method was not available, and 
instead use was made of the known mean variation of pressure with height 
appropriate to the season. Dines meteorographs, which give records of 
both pressure and temperatiue, were attached to the alti-electrographs in 
two of the soundings, and a comparison of the heights determined by the 
two methods showed sufiiciently good agreement. 

The height having been determined in the way described, the approxi¬ 
mate temperature at ecKih height was foimd by CMsuming that l)elow the 
cloud the lapse rate was the mean between the dry and saturated adiabatic 
lapse rates, while within the cloud the saturated adiabatic lapse rate was 
adopted. 

The results of the soundings have been plotted on eight diagrams 
(figures 4-11). In the upper parts of the diagrams the ordinates are height 
and the abscissae time. In the first five diagrams each sounding is repre¬ 
sented by a band erected vertically above the time at which the sounding 
commenced. The width of the band is proportional to the width of the 
trace on the original alti-eleotrograph record and to differentiate between 
positive and negative fields, the band is cross-hatched in the former case 
and left unhatched in the latter. The thickness of the trace is roughly 
proportional to the potential gradient, but the relationship between them 
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is not simple, depending on a number of factors amongst which is the 
atmospheric pressure, so that the same thickness of trace represents a 
greater potential gradient near the ground than it does at greater elevations. 
The relationship between the thioknees of the trace and the potential 
gradient was discussed at length in 8. and S. and we have nothing to add 
to that discussion. At the same time the values of the potential gradient 
deduced in the manner there described cannot be accepted with confidence, 
and we have considered it beat in this paper to use qualitative terms in 
describing the potential gradient and not to use actual values which might 
be quoted without the necessary reservations. 

In the diagrams the base of the cloud, determined by observing the 
time the balloons entered the cloud, has been indicated by a line. Unfor¬ 
tunately, we have been unable to obtain data on which to locate the upper 
limits of the clouds as was done to some extent in S. and S. When, as the 
result of the analysis of the records, it has been possible to locate the 
position of charges in the clouds these have been indicated by groups of 
plus and minus signs. Most of these charges are located by the reversal 
of the field, in which case the volume charges are centred approximately 
about the point of reversal on the records; but in some cases, especially 
with the low positive charges, the exact position of the charge cannot be 
determined, and in these oases the group of plus signs has been enclosed 
m a dotted circle to indicate the indeterminate position of the charge. 

In the last three diagrams (figures 9-11), the soundings have been plotted 
in a different way, which will be described when these storms are considered. 

In the lower part of the diagrams there are two curves using the same 
time scale. The upper reproduces the potential gradient at the ground 
recorded at the Observatory. The potential gradient records generally start 
when the field at the ground exceeded 10 V/cm. and end after the storm 
has passed away. Most of the potential gradient records are much disturbed 
by the changes of field due to lightning disoharges. A lightning fiash usually 
causes an instantaneous change in the field, and then the field returns to 
its pre-discharge value at a relatively slow rate. It is difficult to say whether 
the mean potential gradient at the ground should be defined as the mean 
potential gradient taking the disturbed field due to the lightning “throws” 
into account or the mean value of the pre-discharge field. The difference 
may be very large, in some oases oven changing the sign of the gradient 
(cf. the period 17.10-17.20 in figure 7 where the pre-discharge field is 
negative and the mean field positive). In this work the disturbed fields 
have been neglected and the potential gradient has been determined from 
the pre-discharge values. 
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The third and lowest curve in the diagrams gives the record of the 
electricity carried down by the rain. During most of the storms for which 
soundings are available records of the electricity of the rain were obtained 
at the Observatory. The instrument used, which was fully described by 
Scrase ( 1938 ), consists in principle of an insulated receptacle into which 
the rain falls. This receptacle is connected to an electrometer, the deflexion 
of which measures the charge received. After 3 o.c. of rain (representing 
a fall of 0*16 mm. of rain) have been collected the receptacle is auto¬ 
matically connected to earth and the electrometer discharged. During 
steady rain carrying a preponderance of charge of one sign the record 
consists of a sloping line, the amount and direction of the slope being a 
measure of the amount and sign of the electricity carried by the rain. 
Every time the receptacle is connected to earth after receiving 3 c.o. of 
rain the deflexion of the electrometer returns to zero and a mark is made 
on the photographic trace. The number of these marks in a given time is 
a measure of the average rate of rainfall during that time. Copies of the 
records have been reproduced for all the storms for which they are avaUable, 
a scale being added which gives the total charge carried by each 3 c.c. of 
rain. 

The results of the ascents made during 1934, 1936 and 1936, described 
in 8 . and 8 ., led to the conclusion that a thundercloud has a positive charge 
in the upper layers, a negative charge in the lower layers and very frequently 
a region of positive charge in the base, below the negative 
presence of a positive charge in the upper part of a thundercloud and of 
a negative charge in the lower part had already been deduced by C. T. R. 
Wilson and others from observations of the changes in the electrical field 
at ground level due to lightning discharges, the existence of these chazgee 
is now generally accepted, but several writers have questionedihe reality 
of the low positive charge in the base of the cloud. The following quotation 
states the case: 

An intoreating now attack on the problem has recently been made by Simpson 
and Soraao, who obtamod records of the variation of potential gradient with height 
through a thimdcrcloud by moans of an apparatus attached to a sounding balloon. 
They conlirtned in strikuig fashion that the upper part of a thundercloud is always 
positively charged and the mam portion of the base negatively charged. They, 
however, also obtained a few records which wore interpreted as mdioatmg a positively 
charged region m the base of the cloud. The evidence consists eesenUally m the fact 
that m the few oases when a balloon was released beneath a storm m a region of 
positive potential gradient, the gradient never remamod positive all the way up to 
the positive charge at the top of the cloud. While tho existence of a positive charge 
near the base of tho cloud is the most direct and perhaps the most natural inter¬ 
pretation of such a record, such a conclusion is by no means inevitable. In the first 
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place, the balloon takes about 30 minutes to rise through the cloud and thus the 
temixiral variations of the charges have not been eliminated. Secondly the path 
of the balloon in the cloud is unknown and may suffer considerable honsontal 
displacement relative to the cloud. It would seem, for example, that a balloon 
released in the region of positive gradient near the front of an advancing simple 
cloud of positive polarity would be earned horizontally by the air currents con¬ 
verging on the region of active separation of charge and might well roach a pomt 
where negative gradient existed and, indeed, extended nght to the ground. In such 
a case the record would give all the effects mterpreted as a positive charge m the 
base of the cloud... .The regular ocaurrenoo of positive cliarge m the base of the 
cloud cannot therefore, be considered to be yet established with certamty (Wormell 
1939, p. 300). 

The difficulties met with in interpreting the records obtained by alti- 
eleotrographs, which give the potential gradient as a function of height 
and time only, was realized when S. and S. was written and they were 
discussed in detail on p. 324 of that paper. The authors were well aware 
of the complications produced by the temporal changes m the distribution 
of the electricity, which may be very large and rapid in a thunderstorm, 
and by the movement of the balloons in a horizontal direction; but they 
were convinced that the positive charge they found in the lower parts of 
the thunderclouds could not be explained in the way described in the 
above quotation, and a re-examination of all the records has confirmed this 
conclusion. It is possible that in the previous paper sufficient attention 
was not paid to the effects of the horizontal travel of the balloons and to 
changes of field due to distant charges of electricity, but in this paper, 
while retaining the previous method of presentation, an effort will be 
made to discuss in more detail the effects of these factors. 

It will greatly help the reeuler if he has a clear image of the vertical 
electrical fields associated with the distribution of electric charges which 
the observations show to exist within a thunderstorm. We propose, there¬ 
fore, to dwcuss in some detail the fields associated with a typical thunder¬ 
storm. It is hoped to confirm in this paper the conclusions reached in 
S. and S. that in most, if not in all, thunderstorms there is a positive 
charge in the upper half of the cloud, a negative charge in the lower half 
and a positive charge localized under the negative charge. We have therefore 
built up a model thunderstorm with this distribution of charge and calcu¬ 
lated the vertical fields in its neighbourhood. Vertical fields are considered, 
as the alti-electrograph measures only this component. 

In actual thunderstorms the vertical and horizontsd extent of the regions 
containing the charges vary from storm to storm: if the vertical and 
horizontal dimensions of a charged volume are about equal, the charge 
may be conveniently represented as being contained within a sphere; but 
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in some oases the two upper charges have a greater horizontal than vertica 
extent and would be more correctly represented by disks than spheres. 
As, however, the calculation of fields due to charged disks is very arduous, 
and as it will be seen that spheres represent sufficiently well the conditions 
in many storms, we have adopted spheres in our model storm. In figure 1 
the vertical field associated with these charged spheres is represented. 

To facilitate description the positive charge at the top of the cloud, the 
negative charge below it, and the positive charge in the base of the cloud 
will bo designated by the letters P, N, and Q respectively. In figure 1 
P is 24 coulombs of positive electricity uniformly distributed throughout 
a sphere of 2 km. radius centred at a height of 6 km., IV is a negative 
charge of 20 coulombs in a sphere of 1 km radius centred at a height of 
3 km., and ^ is a positive charge of 4 coulombs in a sphere of ^ km. radius 
centred at a height of IJ km. These heights are comparable with those 
which have been found in a typical thundercloud, and the quantities of 
electricity have been chosen to give a positive potential gradient of plus 
40 V/cm. under the centre of the storm, a negative potential gradient of 
minus 60 V/cm. at 1-6 km. from the centre and positive potential gradient 
at all distances greater than 4*2 km. from the centre, potential gradients 
of this order are usually found near thunderstorms. Tlie potential gradient 
at the ground at all distances from the central axis of the storm is shown 
by the curve at the bottom of figure 1. 

The lines in the diagram represent lines of equal vertical potential 
gradient and are drawn at intervals of 100 V/cm., lines at multiples of 
600 V/cm. being thickened. Table 2 contains the values of the vertical 
potential gradient at the points of maximum along the central axis—these 
values are also the values of the total electrical force at the points, as along 
the axis the direction of the total force is everj^here vertical 

Table 2 Vertical potential gradient at points on the axis 


km. V/cm. 

8 Top of P - 480 

4 Bottom of P and top of N 2280 

2 Bottom of N and top of Q — 3110 

1 Bottom of Q 1070 

0 Surface 40 


Along the lines AA, BB, CC, of figure 1 the vertical force is zero, these 
lines therefore mark off the regions of positive from negative potential 
gradient. The gradient is positive below the line CC and between the lines 
A A and BB \ it is negative between the lines CC and BB and above AA. 



V/om. 
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It will be oonvenient to refer to the poeitive field between the linee AA 
aad BB as the P field, the negative field between BB and CC as the 
N field and the positive field below CC* as the Q flleld; while the negative 
field above the line AA will be referred to as the {7 field. 



0 1 2 3 4 3 b 

distance (km.) 

Fiuubx 2. Representative tracks of balloons. 


With such a symmetriocd distribution of electriuity the maiumum field 
strength ooours on the axis where the spheres meet and these values are 
given in table 2. The greatest value is — 3110 V/cm., which is less than the 
field necessary to produce an electrical discharge in air (taken to be 
10,000 y/om. as water or ice particles are present). Sparking values, 
however, would be reached with the same total charges by concentrating 
the charges instead of distributing them equally over the spheres. It is 
very probable that this is the actual way in which lightning discharges 
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are initiated, irregulaxitiee in the air cuirents bringing oppositely charged 
mttoooa of air or precipitation into close proximity, causing a local increase 
in the general high field and so producing locally a sufficiently high field 
for the discharge to commenoe. 

We can now study the kind of alti-electrograph records which would 
be obtained in the neighbourhood of such a storm. The records will vary 
according to the positions of the starting points relative to the centre of 
the storm and according to the tracks of the balloons, whether they are 



Fiuuhk 3. Alti-oloctrograph rocords from representative tracks. 


vertical or lead towards or away from the axis. Figiue 2 shows a number 
of typical tracks, and in figure 3 we have plotted the field along these 
tracks in the same way as the alti-electrograph records are plotted. Each 
record is represented by a vertical band of varying width, the width being 
proportional to the intensity of the vertical field aad the sign of the field 
being indicated by shading the parts of the band representing positive 
field and leaving it unshaded where the field is negative. 

The first record in figure 3 represents a sounding along the axis of the 
storm, i.e. an ascent starting at the centre of the storm and rising vertically 
(track aa of figure 2). In this case the record shows a small positive field 
near the ground which becomes rapidly greater as the region containing 
the positive Q charge is approached. The maximum positive field is reached 




290 Sir G. Simpson and G. D. Robinson 

on the boundary of the positive charge and then decreases towards the 
centre of the positive charge. The field changes sign near the centre of the 
positively charged sphere, but somewhat below the centre because of the 
strong action of the negative charge above the positive charge. The fidid 
then increases to a high negative value at 2 km. where the spheres con¬ 
taining the positive Q charge and the negative N charge meet. As the 
centre of the negative charge is reached the field again changes sign and 
becomes positive. The maximum value is again at the meeting point of 
the two charged spheres, above which the field decreases, changing sign 
some distance above the centre of the sphere containing the positive P 
charge. From this point the field is negative, increasing to a maximum on 
the boundary of the sphere containing the P charge and then decreasing 
rapidly to small values at greater heights. 

The actual values of the field at the position of maximum intensity are 
of little importance, as these depend on the quantities of electricity which 
vary largely from storm to storm, but the shape of the curve representing 
the change of field with height (i.e. the shape of the boundary of the 
vertical band) is of importance. With charges spread over volumes more 
or less spherical, the maximum fields occur on the boundaries of the 
charged regions and decrease rapidly as one recedes from the boundary. 
This is clearly seen in the rapid decrease of the field below the Q charge 
in the record we are considering. When therefore we see a rapid increase 
of field with height in the alti-electrograph records we may conclude 
that the balloon was then entering a charged region. This rapid change 
of field also explains why the field at the ground is never observed 
to attsdn anything like the intensity necessary to produce a lightning 
discharge. 

Track lib of figure 2 represents the path of a balloon starting near the 
centre of the storm, but just outside the central region of positive potential 
gradient, then being drawn towards the axis of the storm. In this case the 
track starts in the N field, but enters the Q field which it traverses before 
entering the N field again at a greater height. After this point the field 
changes are similar to those of trcmk aa except that, as the balloon does not 
actually reach the axis, the fields are less intense. In S. and S. it was 
assumed that a reversal of the field indicated that the balloon had passed 
through or near a charged region, and in a record such as 66 a negative 
charge would have been shown at 0-7 km. where the vertical field changes 
sign firom negative to positive. That obviously would have been wrong, 
for the negative field near the ground is due to the negative charge centred 
at 3 km. and there is no negative charge at a height of 0-7 km. 



291 


The distribution of electricity in thunderclouds 

Track cc is Bimilar to track 66 except that the balloon started at a greater 
distance firom the centre of the storm. The track starts in the N field and 
does not leave it until it enters the P field at the level of the centre of the 
N charge; the record, cc, therefore contains no positive field due to the 
Q charge, the presence of which could not be inferred from this record. 

In the model thunderstorm we are considering the potential gradient at 
the ground changes firom negative to positive at a distance of 4*2 km. from 
the centre. At this distance the potential gradient is very small, and a 
balloon released here would record only very small negative fields as it 
traversed the N field. If, however, after rising a certain distance the 
balloon is caught into a current of air blowing into the centre of the storm, 
it enters the strong fields near the axis. Such a track is dd, and the record 
shows little or no field until at a height of 3 km. a strong positive field is 
encountered. Unless one knew the path followed by the balloon this record 
might lead to quite erroneous conclusions, for at first sight it looks as 
though there were no strong fields in the lower atmosphere under the 
strong field at 3 km. and the presence of the Q and N charges might go 
unsuspected. 

The final example, ee, is the track of a balloon starting in the outer 
positive field and being drawn into the storm at a lower level than in the 
previous case, but not penetrating so near to the axis The record ee in 
figure 3 (the scale of the field for this track has been increased 10 times) 
shows a positive field near the ground, then the usual sequence of negative, 
positive and negative potential gradients as the balloon traversed the N, 
P and U fields. In this case we have another example of a change of sign 
of the potential gradient without the local presence of a corresponding 
charge, for the positive field extending to 1’2 km. is directly due to the 
P charge at the top of the cloud, and the change firom positive to negative 
potential gradient is no evidence of a positive charge at 1*2 km. This track 
IS the one visualized by Wormell in the quotation given above, and if all 
the records showing a low positive field were from tracks of this nature, 
he would be correct in saying that they gave no evidence of a low positive 
charge. In these examples the charges have been taken to be uniformly 
distributed throughout three spheres one above the other on the axis of 
the storm. There would have been no material change in the character of 
the records obtained along the tracks if the charge heui been more spread 
out in the horizontal direction. The field due to a charged horizontal disk 
rapidly approaches that due to the same charge concentrated at the centre 
of the diak as one recedes from the edges of the disk in a horizonal direction. 
Thus the field due to a series of charged disks (representing in our case 
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charged layers of cloud) is practically the same as the field we have found 
at 2 or 3 1^. from the axis of the three spheres. At positions nearer the 
centre the boundaries between the vertical fields of different signs {AA, 
BB and CC in figure 1) are little changed by substituting ohar^ disks 
for the charged spheres; but the maximum field on the axis is less intense 
and the fields do not change so rapidly in the vertical direction. Thus our 
discussion of the records obtained along t 3 rpioal tracks may be applied 
with very little change to a storm in which the charges are distributed 
in layers rather than in spheres. 

In figure 1 the potential gradient at ground level is shown by a curve 
below the main diagram. The curve gives the potential gradient at all 
distances from the axis; it is therefore a potential gradient-distance diagram. 
If the storm represented in figure 1 passed centrally over a station and 
the value of the potential gradient at each instant were plotted on a 
diagram, the result would be a curve similar to the one at the bottom of 
figure 1, except that the abscissae would be time instead of distance. If 
the rate of travel of the storm were known, the times could be converted 
into distance and a curve exactly similar to that in figure 1 could be 
obtained. In each of the diagrams produced later in this paper a curve 
is given of the change of the potential gradient at the ground at Kew 
during the passage of each storm. By making the assumption that no 
laige change took place in the structure of the storm as it passed over 
Kew, these potential gradient-time curves may be interpreted as giving 
the variations in potential gradient along a line through the storm. In 
some storms in which there are rapid developments this is by no Tne anR 
the case, large changes taking place during the period represented by the 
diagram, so that at no instant of time was the potential gradient along a 
line through the storm similar to the potential gradient shown in the 
diagram. Bearing this limitation in mind, the curves of potential gradient 
at the ground may be used to give a general idea of the electrical field at 
the ground under a storm considered stationary. 

The shape of the potential gradient curve at a station over which the 
centre of the storm represented by figure 1 passed can easily be seen, for 
it would be a curve symmetrical about the centre, each half being similar 
to the curve at the bottom of figure 1. There would be at each end a positive 
portion due to the P field, nearer the centre the curve would be below the 
base-line representing the negative N field, then just before the centre is 
reached the curve would again cross the base-line and become positive in 
consequence of the Q field. The low positive charge, Q, may not bo large 
enough in all storms to cause the field in the centre of the storm to become 
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positive, but a “hump” near the centre of the negative portion of the 
curve is a definite indication of the presence of a low positive charge; for 
in the absence of such a positive charge the negative portion of the curve 
would be at its lowest point in the centre of the storm. Typical examples 
of potential gradient curves having this form will be seen in figures 13, 16 
and 19 of S. and S. and in fiigures 4, 6, 6, 7 and 10 of this paper. 


The individval storms 

I. Thundery shower, 17 September 1937. Soundings 106 and 106. Figure 4 
Thundery showers moving firom the south occurred during the day 
17 Septem^r 1937. One of these showers passed the Observatory between 
14.46 and 16.00. During this period no l^htning was seen, nor is there any 



Fiuube 4. Thundery shower; 17 September 1937. 

trace of lightning discharges on the potential-gradient trace, but thunder 
was heard in the west. 

The first indication of the storm is seen on the potential gradient curve 
at 14.40, when positive fields greater than normal appeared. This potential 
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gradient inoreaaed until it reached a flat maximum at about 14.64 and then 
decreased, passing to negative at 16.01. From this time until 16.46 the 
potential gradient was predominantly negative except for the x>eriod 
16.03-16.17, when it became positive. After 16.46 the potential gradient 
remained positive, rising to a maximum at 16.49 and then slowly 
decreasing. 

This course of the potential gradient is of the form shown in figure 1: 
there are two F fields at the beginning and end of the storm, one long 
N field divided mto two parts by a Q field between 16.03 and 16.17; thus 
we should expect to find the distribution of the charge in the cloud similar 
to that shown in figure 1. 

The first ascent, souiiduig 106, commenced at 16.10 when the field at 
the ground was positive. The record shows that the gradient was positive 
from the ground to 1-3 km , negative from 1-3 to 3*6 km., positive fr»m 
3*6 to 5-7 km. and then negative. Above 6 km the negative gradient 
rapidly decreased with height and was too small to be recorded above a 
height of 6’6 km.—the bedloon rose to 13 km. This is exactly the sequence 
which we found for a balloon rising along the axis of our model storm, and 
record aa of figure 3 is similar to sounding 106. The fact that the lower 
{lositive field did not increase appreciably before changing to negative at 
1-3 km. would indicate that the balloon did not actually jiass through the 
]K>8itive charge Q but somewhat to the side; the height of the centre of 
the positive charge would therefore be somewhat higher than the point at 
which the field changed. 

The second ascent, sounding 106, commenced at 16.17, 7 mm. later than 
the previous one. The field at the ground was still positive but decreasing 
rapidly in strength. The sounding shows that the positive field extended 
oidy to a height of 0-2 km. and then gave place to a negative field which 
extended to a height of 2'6 km. Above this was a positive field to 6 km. 
and then a negative field which faded out at a height of about 6-6 km. 
This sequence is the same as in the previous sounding, but the fields are 
less strong, also in the second ascent the heights at which the field reversals 
took place are lower than in the previous ascent. This is what one would 
expect, for the first sounding was obviously nearer to the centre of the 
storm than the second, and the fields are stronger and the reversals higher 
in a track which is near the axis than in one some distance away. 

There was not a great deal of rtun from this storm at the Observatory; 
but what little fell carried a positive charge and it is difficult not to 
associate this positively charged rain with the positive electricity which 
the sounding revealed at a height of something over 1 km. 
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The potential gradient at the ground and the fields within the cloud are 
all oonsietent with a distribution of electricity similar to that shown in 
figure 1, and the positively charged rain supports the view that the positive 
charge in the lower atmosphere was carried on the rain. 

2. Thunderstorm, 16 July 1937. Soundings 81 and 82. Figure 5 
Thunder was first heard to the south-south-east and the storm moved 
north. Between 14.66 and 16.10 flashes of lightning wore seen to the east 
of the Observatory. The balloons drifted east-south-east, i.e. towards the 
storm centre. The rain at Kew was not heavy. 



Fiqubk 5. Thundenitonn 16 July 1937. 


The potential gradient rose rapidly at 14.46 and remained positive, 
except for two reversals due to lightning discharges, until 16.06, when it 
became negative and remained negative until 16.30 when it changed to 
positive, rose to a maximum at 16.33 and then slowly decreased. From 
about 16.00 to the end the variation of the potential gradient reproduces 
the potential gradient curve shown in figure 1. There was, however, no 
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negative potential gradient before this time. This would be explained if 
the positive Q charge was somewhat ahead of the main negative charge, 
BO that in front of the storm the field due to the F charge and the Q charge 
were together stronger than the field due to the N charge. 

Sounding 81 commenced at 14 S8, half a minute after a violent lightning 
discharge had reversed the predominating positive field at the ground. 
The sounding showed a negative field just at the start; but the positive 
field was restored before the balloon had reached 200 m. The positive field 
extended to a height of 3 km. where it changed to negative. The balloon 
had only risen another 400 m. when it was forced down for about 1 km. 
after which it rose again. As there was no further electrical record after 
the balloon was forced down it is concluded that the trailing wire became 
entcuigled in the suspension cord or otherwise ‘earthed*. The fact that the 
balloon was forced down indicates that it had either met heavy precipita¬ 
tion in the form of wet snow or had entered highly turbulent air with 
strong downward currents. In either case the balloon must have been 
near the axis of the storm, and therefore the height of the reversal of the 
field at 3 km. must have been near the height of the main lower positive 
charge. The potential gradient at the groimd and the reversal of the field 
from positive to negative at 3 km. indicate the presence of a Q charge 
over or near the station at that time. 

Sounding 82 started at 16.14. The observers noted that the balloon 
moved towards the estimated centre of the storm. The potential gradient 
at the ground when the balloon was released was negative, and the record 
shows that the field met with by the balloon was predominantly negative 
and weak for the first 4 min. of the flight, then at a height of 1'2 km. the 
field changed to positive and became stronger as the ascent continued. 
At a height of 2-8 km. the field changed rapidly to high negative values 
and remained negative to 4 km., where it changed again to positive values 
which persisted to 6 km. Here the field finally changed to negative. The 
balloon rose to 10 km., but above 8 km. no measurable fields were recorded. 
The track of this balloon is similar to that of bd on figure 2, the record 
of which 18 shown on figure 3. The balloon started in the N field, and 
drifted towards and entered the Q field at a height of 1*2 km. This part of 
the track was neiur to the N-Q boundary and therefore the field was small 
and occasionally reversed. On entering the Q field the balloon moved 
nearer to the axis as it rose and so came into strong positive fields. It 
crossed the Q-N boundary quite near to the centre, the height of the reversal 
being almost the same as that of the previous sounding. The N-P boundary 
was crossed at 4 km. and the P-U bormdary at 6 km., and as the balloon 
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was probably then not far from the axis of the storm, the heights at which 
the field was lOTersed may be taken as the heights of the centres of the 
charges, the heights of the Q, N and P charges in this storm may therefore 
be taken as 3, 4 and 6 km. respectively. 

There was very little rain at the Observatory as the storm passed; but 
it will be noticed that positively charged rain commenced to fall, while 
the field at the ground was still positive and continued for a few minutes 
after the field had become negative. At the end of the storm there was 
a little negatively charged rain. This is consistent with the origin of the 
positive rain being connected with the formation of the Q charge. 

3. Extensive thunderstorm 21 August 1939. 

Soundings 127-132. Figure 6 

The storm approached firom the north-east, but owing to the available 
staff being wholly engaged in preparing and releasing the balloons very 
little detailed information about the characteristics of the storm was 
obtained. The badloons of the first three soundmgs were seen to enter 
smaller clouds on the advancing edge of the main cloud mass. The fourth 
balloon (sounding 130) was released in a rain squall which appeared to be 
moving from east to west, and about this time the electrical centre of the 
storm was estimated to be within 1 km. of the Observatory. This was the 
climax of the storm which then appeared to move away towards the east. 

It will be seen from figure 6 that the potential gradient at the ground 
was highly disturbed owing to very frequent lightning discharges. On the 
approach of the storm the potential gradient was positive, but at about 
16.00 it became negative, with lightning flashes causing positive throws. 
After 16.30 the trace is so disturbed by lightning discharges that it is 
impossible to determine whether the pre-discharge field was positive or 
negative. During this period the majority of the throws were positive, 
but there were a few throws to the negative. The pre-discharge field became 
definitely negative again at 17.00 and continued negative until 17.36 when 
it became positive, reaching its maximum at 17.39 and then decreasing 
in the usual way as the storm retreated. After 17.00, when the potential 
gradient was negative, the throws due to lightning were well over to the 
positive, some of the positive deflexions being very large. There was one 
single throw towards the negative at 17.37, just after the ground-potential 
gradient had become positive. 

A glanoe at the records of the soundings is sufficient to show the presence 
of the P and N charges. It is interesting, however, to note that in successive 
ascents each of these charges was encountered at a lesser height. This 
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may have been due either to a oontinuous lowering of the ohatget through¬ 
out the oloud with time or to the charges being in the form of layers which 
were higher in the oloud at the front of the storm than at the rear; there 
is no means of deciding which of these alternatives is correct. 

Sounding 127 started some distance in front of the storm when the field 
was negative but small. A small negative field continued to a height of 
0 km. when there were some reversals, but still of only small intensity. 



FiavRK 6. Extensive thundorstonn; 21 August 1930. 


At 7 km. the field became suddenly positive and large. At 9 km. the 
balloon burst while still in a positive field. There can be little doubt that 
this balloon rose to about 6 km. in front of the storm and was then rapidly 
drawn into the active part of the storm. A track of this nature is shown 
at dd of figure 2, and the resulting record in figure 3 is very similar to that 
of sounding 127. 

Sounding 128 probably followed a similar track, but being nearer the 
storm centre the fields were larger. This sounding pierced the upper positive 
charge and reached the U field at the top of the cloud. 

Sounding 130 commenced in the heavy squall of rain marking the centre 
of the storm, and the field wew continuously positive up to a height of 
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1’4 km. The field, however, was small and no doubt the charge was some 
distance away, so that the balloon rose rather near the boundary of the 
Q field: in that case the centre of the charge would be higher than 1*4 km. 
at which height the field changed. This explanation is supported by the 
two following soundings, each of which recorded intermittent positive and 
negative fields up to heights of 0-9 and 0*0 km. respectively, showing that 
they were still further away from the centre of the positive charge. 

There can bo httle doubt that m this storm the lightning discharges 
were taking place between the N charge and the P charge. With very few 
exceptions each discharge caused a positive throw, and this is the sign 
which a discharge between negative electricity at 6 km. and positive 
electricity at 8 km. would have at a point less than 8 km. away &om the 
place of discharge. Also the last throw at 17.37 was negative, at which 
time the active centre of the storm was presumably more than 8 km. 
away—8 km. being the reversal distance for discharges between these 
heights. 

The soundings during this storm again clearly reveal the presence of 
Q, iV and P charges: the heights of these charges were greater than 1-4 kra , 
between 3’6 and 7-0 km., and between 6*8 and lO-O km. respectively. 

4. Thunderstorm, 12 August 1938. Soundings 118-121. Figure 7 

Thundery conditions set in at 16.30, but the storms were not at first 
near the Observatory, although the potential gradient was highly disturbed 
with occasional lightning throws. These conditioDs prevailed with much 
cloud until about 10.60 when a storm was seen to be approaching firom the 
north-east. The centre passed north of the Observatory with flashes 
observed at a distance of 1-2 miles. 

The potential had been consistently negative during the preliminary 
disturbed conditions, but with the approach of the storm the potential 
gradient became positive at 16.66. Just after this change the first balloon 
was released and it rose in a gap between the clouds so that it was seen 
for some considerable tune against the blue sky until it was finally hidden 
by low cloud, thus confirming that at the time the potential gradient 
became positive the Observatory was outside the cloud mass of the 
approaching storm. The positive potential gradient from 16.66 to 17.04 was 
evidently that of the P field surrounding the storm. The storm did not pass 
over the station, but from 17.04 to 17.39 the Observatory was under the 
influence of the N field as the storm centre passed to the north The P field 
was entered again in the rear of the storm at 17.39, the maximum being 

I9-* 
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reached at 17.41, after which the field decreased in the usual way. This 
interpretation of the potential gradient at the ground is fully substantiated 
by the soundings. 

As already stated the first sounding, no. 116, was made before the storm 
reached the Observatory, but just after the P field had given positive 
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Fikubk 7. Thunderotorm; 12 August 1938. 

potential gradient at the ground. The record of this sounding shows that 
large fields were not encountered in any part of its track. The field was 
positive from the ground to 1-3km., then negative to 3*6km.; then 
positive (but sometimes so weak as to leave no legible record) to 7'7 km., 
after which it became negative. There can be httle doubt that the track 
followed by this balloon was similar to track ce of figure 2. It started in 
the P field, drifted through the N field, then, re-entering the P field again 
at 3-6 km., rose through the P field to a height of 7-7 km., when it finally 
entered the U field, thus reproducing in all essentials the record ce of 
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figure 3. (It will be noticed that the potential-gradient scale used for 
record ee is ten times greater than that used for the other records on 
figure 3.) 

The next sounding, no. 117, commenced when the field at the ground 
had become negative owing to the nearer approach of the storm. The field 
was negative from the ground to 4*4 km. where it became positive; it was 
positive from 4-4 to 7'6km. and tlien changed to negative. This is the 
sequence one would expect for a balloon starting in the N field some 
distance from the axis of the storm and rising vertically. The corresponding 
track on figure 2 is cc, and the record ee of figure 3 is the counterpart of 
the alti-eleotrograph record of sounding 117. 

Sounding 118 commenced in a negative field at the ground; a positive 
field was entered for a short time, between 1*4 and 2-0 km. As the balloon 
rose the negative field increased, at first slowly and then very rapidly imtil 
at 3*0 km. sparking at the electrodes took place. At 3-8 km. the gradient 
changed almost mstcmtaneously to positive, the field became even stronger 
and the sparking continuod to a height of 6*0 km. The positive field 
decreased and changed to negative at 6*0 km., after which the field was 
negative to about 10<0 km., at which height it became too weak to leave 
a record. The track followed by this balloon was similar to track 66 of 
figure 2, and the record of the sounding is similar in aU respects to record 
66 of figure 3. The balloon left the ground in the N field, but quite near 
to the N-Q boundary. As the balloon rose it drifted into the Q field giving 
the positive gradient between 1-4 and 2*0 km. On rising still further the 
balloon passed into the strong negative field between the Q and N charges 
and then into the still stronger positive field between the N and P charges. 
At 6-0 km. the field changed to negative as the balloon rose through the 
centre of the P charge. From 3*0 to 6-0 km. there was sparking at the 
electrodes of the alti-electrograph; this was in the strong field above and 
below the centre of the N charge. At this time the balloon must have been 
rising very near to the axis of the storm, and this is supported by the fact 
that the rate of ascent of the balloon was 230 m./min. between the ground 
and a height of 4*0 km. and 330 m./min. between 4-0 and 8-0 km., showmg 
the presence of a strong vertical current. As the balloon rose so near to 
the axis of the storm the reversals of the field in this sounding fix with 
considerable certainty the heights of the centres of the charged regions. 

Sounding 119 started probably somewhat nearer the centre of the storm 
than the previous one, but the balloon does not appear to have been drawn 
towards the centre. It started when the field was negative, but up to a 
height of 2*2 km. the field was so weak that only an intermittent trace 
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was made on the alti-electrograph. Such weak fields, in the centre of a 
thunderstorm, could only occur near the boundary between positive emd 
negative fields. This ascent, therefore, like the previous ascent, commenced 
near to, but outside, the Q-N boundary. That the balloon did not move 
towards the centre is shown by the absence of the positive field between 
the ground and 2-0 km. and by the lesser intensity of the N and P fields 
as compared with that of the previous sounding. This conclusion is also 
supported by the fact that the rate of ascent of the balloon did not change 
but remained at 260 m./min. throughout the flight. The balloon in sounding 
119 therefore probably rose almost vertically and so passed farther away 
from the axis than in sounding 118, its track wm therefore similar to ec of 
figure 2, except that it commenced nearer to the axis at the ground level, 
and it will be seen that the record along the track cc in figure 3 is very 
similar to the record of sounding 110. 

Sounding 120 was lost. Sounding 121 commenced when the centre of 
the storm had passed to the north and the Observatory was in the same 
position relative to the centre as when sounding 117 commenced. The 
records of these two soundings are similar and are typical of ascents 
conunencing in the N field at the ground some distance from the axis of 
the storm, and rising vertically. 

The five soundings therefore are in complete accord with the passage 
of a storm of the Q, N, P type, the centre passing to the north of the 
Observatory at such a distance that the Observatory did not come within 
the Q field although it was very near to the boundary between the Q and 
N fields. The heights of the charge centres aJong the axis, as shown by 
sounding 118, were Q approximately 2'0 km., N 3-8 km., and P 6*0 km. 

During the period 17.00-17.30 when the storm was nearest to the 
Observatory the changes of potential due to lightning strokes were all 
positive and therefore were probably due to disoharges between the P and 
N charges. The largest positive throw was alwut 60V/om. at 17.22. At 
that time the observers estimated the centre of the storm to be between 
1 and 2 miles to the north. Taking the distance to have been 2*0 km. and 
the discharge to have taken place between the N charge centred at 3-8 km. 
and the P charge centred at 6*0 km., we find that the discharge was one 
of 12 coulombs. This value can only be approximate; but it is of the right 
order of magmtude. 

There was one short sharp shower of rain between 17.10 and 17.20, but 
there was very little charge on the rain. On the whole the little charge 
was negative; but towards the end there were one or two intervals with 
positively charged rain. 
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5. Fiolent thunderstorm, 10 June 1987. Soundings 7S-78. Figure 8 
There were widespread thunderstorms over south-east England on the 
evening of 10 June 1937. They appear to have commenced on the south 
coast soon after 18.00 and reached Kew at 19.00. At Kew the storm 
approached firom the south, and at 19.20 a pronounced line squall passed 
over the Observatory. Ldghtning and thunder were first observed at 19.15, 



Fiqxjbh 8. Violent thunderstorm: 10 June 1937. 

the active centre of the storm then being apparently 2 miles to the south- 
south-east and moving northwards. Accounts of the thunderstorm from 
Kew and other places will be found in the Meteorological Magazine for 
July 1937. 

Four balloons were released during the storm, the first at 19.28, a few 
minutes after the passage of the line squall. The next two balloons were 
forced down, the first after reaching a height of about 7*0 km. and the 
second at a height of 4-0 km.; both balloons subsequently rose again, but 
after the forced descent the electrical records became defective and cannot 
be used. The fourth balloon reached above 9*0km.; but at that height 
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the record becomes unreliable and there are some indications that this 
balloon also was temporarily forced down at a height of 10*0 km. 

The records obtained during the storm are shown on figure 8. It has 
been found impossible to interpret the records so as to produce a simple 
consistent picture of the electrical structure of the storm. This is not 
surprising, for the wind was high and the balloons were carried far away 
from the Observatory, so that the potential gradient at the ground cannot 
be correlated with the fields registered at the balloons. No attempt will 
therefore be made to analyse the records as a whole, but a few remarks 
will be made on interesting features of the individual ascents. 

As already stated the storm commenced with a violent squall which 
struck the Observatory at 19.20. For 15 min. after the squall the potential 
gradient at the ground was positive and fairly steady except for a few 
throws duo to lightmng discharges. The balloon which was released 8 min. 
after the passage of the squall rose at the normal rate to a height of l-S km., 
recording a small positive field all the way. At this height the rate of 
ascent was much reduced, indicating either a downward current of air or 
heavy precipitation. This continued for 2 or 3 min., during which the field 
changed sign three times; positive to n^ative, negative to positive, and 
positive to negative. The balloon then continued to rise at its original rate 
through a small negative field to a height of 6’0 km,, where the field became 
too small to leave a record. The balloon reached 7*0 km. As the fields up 
to 7*0 km. immediately after the passage of the squall were so small it 
would appear that the squall itself was not the seat of the electrical 
separation. Electrical activity did not become pronounced until 17 min. 
after the squall had passed; then the potential gradient at the ground 
became negative and there was a great increase in the number and intensity 
of the throws due to lightning discha^es. 

The second ascent, sounding 76, commenced at 19.56. There were four 
major reversals of the field recorded by the alti-eleotrograph before the 
balloon reached 4*0 km What was the nature of these fields, whether they 
were due to the balloon passing through localities with different fields or 
due to time changes in the field as a whole cannot be determined from the 
record. At 4*0 km. the balloon entered a strong steady positive field which 
persisted to a height of 6*7 km., where a change to negative field occurred. 
There can be little doubt that whatever may have been the cause of the 
changing field below 4*0 km. the steady positive field between 4*0 and 
6*7 km. was due to negative and positive charges centred at these heights. 

There is little to say about sounding 77. The field was negative to a 
height of about 1*4 km , then alternating positive and negative to 2*7 km.. 
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after which to the height of 3-8 km., where the balloon was driven down, 
the field was positive, rising to high values at about 3’S km. In this ocuie 
it is not possible to fix with certainty the centre of the negative charge 
which produces the strong positive field above 2-7 km., but there are 
indications on the trace after the balloon had been driven down (not 
reproduced on the diagram) that it was in the neighbourhood of 2*4 km. 

Sounding 78 has some remarkable features. The field was negative and 
small up to 2-0 km. Tliere it became positive, but remained small up to 
3*3 km. when it suddenly became strong. At 4*0 km. there was a sudden 
reversal to an equally strong negative field which ^jersisted for 2 min ., 
during which the balloon rose approximately 400 m.; then equally suddenly 
the field reverted to positive and was as strong as before the reversal. The 
field then remained positive to a height of 6*6 km. There were then two 
small reversals and at 7*2 km. the field became negative. After this point 
the record becomes unsatisfactory with indications of more positive field 
above 0*0 km.; but as the balloon was then drifting without rise and even 
with some descent it is considered best to neglect the record above 9*0 km. 

The reversal at 4*0 km. is difficult to explain At first sight one thinks 
of a lightning discharge between the upper positive charge and the lower 
negative charge; but that would only destroy the field, it would not 
reverse it. The fact that the field after the reversal was practically the 
same as before seems to indicate that the upper and low'er charges were 
not afiboted and that the reversal was due to some rearrangement of distont 
charges. It may be mentioned that swcording to the record the field changed 
at the balloon at 20.44, while there was a large positive throw on the 
potential gradient record at the ground at 20*43. The timing of the alti- 
electrograph is not very accurate and the difference of 1 min. may not be 
significant. The throw and the reversal may therefore have been simul¬ 
taneous, but even if they are related it is difficult to see what could have 
happened to produce a negative field change at 4*0 km. and a positive 
field change at the ground. It must be remembered that the balloon at 
that time may have been several miles away from the Observatory, os it 
had been in flight 15 rain 

The course of the potential gradient and the effects of the lightning 
discharges are so complicated in this storm that it is not possible to draw 
any useful conclusions from them. The rain-electricity record has some 
interesting features. In spite of the general complication of the storm, 
the course of the rain-electricity is unusually simple. Rain started at 19.21 
just after the passage of the squall and was moderately heavy until 2U 00. 
The rate of rainfall then changed and became very much less The sign of 
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the electricity on the rain changed at this point also, so there seem to be 
two distinct masses of rain, probably of quite different origins. The first 
rain mass which fell at an average rate of 7-0 mm./br. from 19.21 to 20.00 
was popitively charged throughout Mid there are no signs of a mixture of 
positively and negatively charged rain. Similarly, the light rain from 20.00 
to 20.53 which fell at an average rate of 1*3 mm./hr. was negatively charged 
throughout. 

It seems probable that the positively charged rain was associated with 
the positive charge at a height of about 2-0 km. shown by sounding 76, 
while the negatively charged rain originated in the negative electricity in 
the lower half of the cloud. 

Although the storm was too complicated for its structure to be deter¬ 
mined in detail it is clear that there was the usual P charge at the top of 
the cloud—indicated by sounding 76 at 6-8 km. and by sounding 78 at 
6*6 km. The N charge was met with in sounding 76 at a height of 4-0 km., 
in sounding 77 at 2-4 km. and in soimding 78 at 2*0 km. Thus from sounding 
76 to sounding 78 the height of the N charge had decreased by 2*0 km., 
which may have been due to a fall in time over the whole area or to a fall in 
distance from the front to the bewk of the storm. In either case there can be 
no doubt as to the presence of a negative charge below the upper positive 
charge. Sounding 76 reveals the prownce of a positive charge in the base 
of the cloud probably cauned by rain. This storm, therefore, in spite of its 
complicated nature and large extent, clearly reveals the presence of the P, 
N and Q charges. 

In the diagrams representing the soundings in the five storms so far 
considered, the fields in the upper air have been plotted in bands vertically 
above the abscissae representing the times at which the balloons were 
released In the three storms which remain to be described a different 
method will be used. In these storms there was little wind and there is 
good evidence that during the early parts of the ascents, when records 
were being obtained, the balloons were for all practical purposes directly 
overhead. Thus the field at the balloon at any time during the ascent is 
directly comparable with the field at the ground at that time. To bring 
out this relationship, the alti-electrograph records are plotted against both 
time and height, with the result that the bands representing the fields at 
different heights are no longer vertical but slope towards the direction of 
increasing time. When this method is used one can see at once the rate of 
ascent of the balloons, for this is given by the slope of the alti-electrograph 
record. 
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6. Very violent thunderstorm, 13 August 1937. 

Soundings 88-99. Figure 9 

On the afternoon of 13 August 1937 there was a very violent thunder¬ 
storm at Kew Observatory, particularly notable for the very heavy rain 
which fell, about 60 mm. being recorded in 2 hr. The course of the storm 



Fiuuuk 9 . Very violent thunderetonn. 13 August 1937 . 


was as follows. Thunder was first heard at 14.46 and the first lightning 
was seen to the south, distance about 3 miles, at 14.60, rain having already 
begun. The storm developed very rapidly, with much lightning. At 16.23 
there was a heavy downpour of rain which was followed by moderate to 
heavy rain for nearly am hour, adler which the rain became light. A serious 
attempt was made during this storm to get as mamy records as possible. 
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for its intensity and negligible motion made it very suitable for intensive 
investigation. Within an hour twelve baUoons were latmohed in four 
batches, the balloons in each batch being released at intervals of about 
a minute. Unfortunately, the balloons were of defective quality and only 
two of the twelve penetrated the storm; seven either burst soon after 
release or remained quite near to the ground, so that their records are 
useless; the remaining three gave records only up to moderate heights. 
The soundings which gave useful records were nos. 96-99, the leust five 
balloons which were released. They formed part of the last two batches, 
the individual balloons of the first batch being released at 16.63^ (not 
used), 16.54 and 15.54}, and those of the second batch at 16.10, 16.10} 
and 16.11}. The records have been plotted on figure 9. This diagram does 
not show the beginning of the storm, but starts at 16.50, more than an 
hour after the first thunder had been heard and 20 min. after the heavy 
downpour of rain between 16.20 and 16.30 

The potential gradient during the first part of the storm, not reproduced 
in figure 9, began os usual with a positive field which changed to negative 
and then became very disturbed by hghtning discharges, with many 
throws to positive. The potential gradient at the end of the storm can be 
seen from figure 9. The disturbed period contmued until about 16,18, when, 
after 7 min. of positive potential gradient, the potential became negative 
with one large throw to the positive and several smaller ones. At 16 46 the 
gradient became positive, resMihed a maximum at 17.00, and then slowly 
returned to normal. During this penod the storm was passing away, and 
the negative and positive potential gradients after 16.26 wore clearly the 
N and P fields in the rear of the storm. 

Soundings 06, 96 and 09 are plotted on figure 9 against their correct 
times. Sounding 99 was one of a batch of three all made within 2 min., 
too close together to be shown individually on the main diagram. These 
three soundings have therefore been plotted separately to the right of the 
main diagram, sounding 09 being repeated. 

These five soundings represent the changes ifhich took place in the 
electric field in the space of about 16 mm. Compariog first soimdings 96 
and 99, which give the fields at the begmning and at the end of the interval, 
wo see a remarkable difference. At the time of sounding 96 there was very 
httlo negative field between the heights of 3-0 and 4-0 km., while when 
sounding 99 was made through the same region 8 min. later (note that the 
balloon in sounding 99 rose more rapidly than that in sounding 96) there 
was a much larger negative field. The growth of the field can be followed 
by comparing soundings 96-99. Until we know more about the physical 
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processes which cause the electrification within the clouds we cannot 
explain how this large field was generated. 

Both soundings 06 and 09 show a reversal of the field between 7-0 and 
9-0 km., revealing the presence of a positive charge in this part of the 
cloud. The centre of this ohskrge appears to have fallen 1-2 km. in 8 min.; 
but this may have been partly due to lateral separation of the two balloons 
during their ascents. 

The conditions revealed by the soundings near the ground are instructive. 
Soundings 96 and 06 showed a small negative field, which up to a height 
of 2-0 km. was subject to many reversals (represented by dots on the trace), 
probably coinciding with the reversals at the ground due to lightning 
flashes. Above 2-0 km. the reversals disappear and both soundings show 
steady negative fields Sounding 97 shows a positive field to a height of 
I'O km. and then a negative field above. The same positive field is shown 
by soundings 98 and 09 which were made within the next 2 min., but each 
shows the change from positive to negative field at a progressively lower 
level. It will be noticed that during the time covered by these flights 
positively charged rain wm falling at the ground. It is therefore a natural 
conclusion that it was the volume charge of positive electricity carried on 
the rain which gave rise to the positive field shown in soundings 97-99. 
If this is correct then the bulk of the positive charge must have been above 
the 1*0 km. level, where the field changed from positive to negative. 
Further evidence on the height of this low positive charge is given by the 
reversals shown on soundings 96 and 96, There are only two or three of 
these above 2*0 km., and none at all above the freezing level. When the 
reversals were being recorded the balloon was ascending in a region 
influenced mainly by the negative charge between 4*0 and 6*0 km. and the 
lower positive charge. At each flash the field due to the former charge was 
reduced to a value numerically less than that due to the latter, and the field 
below the centre of the low positive charge became momentarily positive. 
Above this centre there was a reduction but no reversal of the field. The 
centre of the low positive charge must therefore have been located between 
2-0 km. and the freezing level. In the storm we clearly have the P, N and Q 
charges and very strong evidence that the Q charge was carried on the rain. 


7. Thunderstorm, 13 September 1937. Soundings 100, 101 and 102. 
Figure 10 

This storm approached fix>m the west. Rain commenced at 16.20 and 
for about 16 min. was fairly heavy, being at a rate of 26 mm./hr. for a few 
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minutes after 16.30; the rain then decreased in intensity and light rain 
continued until the storm had passed. Thunder was first heard at about 
15.30 and the first lightning was noticed a few minutes later. About 15.36, 
when the rain had decreased in intensity, the lightning became more 
intense, and between 16.40 and 16.00 there was a display of infrequent 
but spectacular flashes, apparently along the underside of the cloud, which 



was high and not particvilarly dense The storm moved very slowly and 
the balloons rose at a very high angle; all three instruments fell within 
6*0 km. of the Observatory after rising to 14*0 km. or more. 

The results are plotted on figure 10. The curve of the potential gradient 
at the ground is typical of a storm with three charges as represented in 
figure 1, except that the positive field ahead of the storm is not represented. 
The N field is well marked between 16.24and 16.44; the Q field gave positive 
potential gradient from 16.44 to 16.08, and the N field negative potential 
gradient from 16.08 to 16.28, after which the field became positive and 



The distnhvtion of electricity in (hundercl&uda 311 

remained positiTe as the storm passed away. The absence of the P field 
in front of the storm and the presence of a strong P field in the rear 
are explained by the development of the storm as it approached the 
Observatory. This is clear from the absence of lightning discharges until 
16.33 when the Observatory was weU within the boundary of the N field. 

From the record of the rain electrioity it will be seen that there was 
very little charge associated with the moderately heavy rain at the com¬ 
mencement of the storm; what little there was appears to have been 
positive. At 16.36 the rain became lighter, and with this change in the 
character of the rain the sign of the electricity carried down changed to 
negative. The rate of rainfall continued to decrease, but the quantity of 
electricity carried by each o.c. of rain mcreased, reachitjg -6-8 e.s.u./c.c, 
just before 16.60. At 16.63 the rate of rainfall increased again and the 
sign of the rain electricity also chan^d, becoming positive. From 16.63 
to 16.22 the rain was very light and steadily decreasing in mtensity, but 
it was very highly charged with positive electricity, the charge increasing 
on the whole as the rate of rainfall decreased. In successive buckets from 
16.63 to 16.22 the charge was 2*8, 3*1, 2-6, 6-8, 16-6, and 9*9 e.s.u./o.c. 
The total rainfall during the period was 0*9 mm., i.e. an average rate of 

1- 8 mm./hr., a very small rate of rainfall. 

Sounding 100 commenced at 16.43 just before the potential gradient at 
the ground changed from negative to positive. The balloon rose in the 
N field to a height of 0-4 km. and then entered the Q field. The ]) 08 itive 
gradient of the Q field was traversed to a height of 1*6 km., whore the field 
became negative, the boundary between the Q and N fields being crossed 
at this level. As the balloon continued its ascent the N-P, and P-U 
boundaries were crossed at 2’2 and 4-4 km. resiiectively. The path of the 
balloon was similar to 66 of figure 2, and the same sequence of field was 
met with as in record 66 of figure 3. 

Sounding 101 started at 16 61 when the Q field at the ground was near 
its maximum. The first part of the ascent was consequently in a positive 
field. The Q-N boundary was crossed at 1-0 km., the N-P boundary at 

2- 4 km. and the P-l/ at 4-6 km. 

Sounding 102 also started in the Q field and crossed the three boundaries 
at 0’8, 2-2 and 4*2 km. respectively. 

Examining the upper parts of these three soundings we notice that the 
three traces come very close together near the top, all three coinciding at 
16.20 at a common height of 6*4 km. This is a fortuitous result due to the 
fact that the three balloons haid different rates of ascent. As the balloons 
rose almost vertically this means that above 4*0 km. they must have been 





312 


Sir G. Simpson and 6. D. Robinson 

very near together, and it is interesting to note that they all three recorded 
the same negative field when they were together at 16.20; this is farther 
evidence of the reliability of the alti-eleotrograph records. All three 
soundings give the heights of the P and N charges as approximately 4*4 
and 2-3 km. respectively. 

The diagram shows the heights at which the balloons entered the cloud 
base. For soundings 100 and 102 this height was approximately 2*1 km. 
Sounding 101 gives the base of the cloud 0*5 km. lower; but this may have 
been due to the balloon during this sounding entering a local patch in 
which the level of the cloud was lower than the general base. There is no 
reason to believe that the cloud base as a whole fell 0*5 km. between 16.56 
and 16.01 and then rose by the same amount during the next 6 min. We 
will now consider the Q charge. The potential gradient at the ground was 
positive from 16.46 to 16 06 with a maximum of 60 V/cm. at 16.62, 
obviously due to the passage of the Q charge either directly overhead or 
quite near to the Observatory. At the time of the maximum field at the 
ground the balloon of sounding 100 crossed the Q-N boundary at a height 
of 1*6 km.; this therefore must have been the height of the centre of the 
Q charge at that time. Soundings 101 and 102 showed the boundary at 
1*0 and 0*8 km. respectively. The explanation of these changes appears to 
be straightforward. Positive electricity was being generated near the axis 
of the storm in a region which was over the Observatory at 16.62. Sounding 

100 went through this region and fixed the centre of the positive charge 
at about 1*6 km. The charged region moved with the storm and soundings 

101 and 102 did not go so near to the centre; therefore the boundary between 
the Q and N fields was crossed at a lower level. It is possible also that 
there had been some lowering of the charged region because the change 
from 1*6 to 1*0 km. in 3 min. is larger than one would expect from the 
movement of the storm alone; on the other hand, the effect of the Q charge 
had almost ceased at the ground when sounding 102 crossed the Q~N 
boundary, and therefore the centre of the storm was then some distance 
from the Observatory. Positively charged rain reached the ground just 
when the Q charge was overhead, as judged by the positive potential 
gradient at the ground, and continued until 16.24, this falling rain must 
have lowered the centre of the charged region. The decrease in height of 
the reversal of the field from positive to negative shown in these three 
ascents must therefore be ascribed to both causes the movement of the 
centre of the charged region away from the Observatory and a lowering 
of the centre of the charged region by the transfer downwards of the 
positive electricity on the rain. It is important to notice that in this storm 
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the podtive charge was mainly, if not entirely, in the clear air below the 
cloud and therefore can only have been oarri^ by the rain. 

At 16.00 there were three balloons in the air, one above the other, and 
it will be seen from the diagram that at this time one was in a positive 
field at a height of 0*4 km., one was in a negative field at a height of 1*9 km., 
and the other was in a positive field at a height of 2-7 km. This is conclusive 
proof of the reality of three separate charges of electricity at different 
heights in the atmosphere and a complete answer to Wormell’s criticism 
quoted above. 

Between 16.41 and 16.56 there were six intense lightning flashes which 
caused large changes of the field at the ground as will be seen from the 
potential gradient record. As already stated these flashes were seen to be 
along the underside of the cloud. There can therefore bo little doubt that 
they were between the positive oheurge below the cloud and the negative 
charge in the base of the cloud. At that time the former was at a height 
of 1*6 km. and the latter at a height of 2-2 km. Assuming that the dis¬ 
charges were equivalent to a transfer of Q coulombs of electricity between 
these two heights directly above the Observatory, then we have for the 
change of field at the ground: 

The mean change of the field caused by the six flashes was —160 V/cm., 
hence the mean quantity of electricity discharged in each flash was 
6 coulombs. 

8 . Violent thunderstorm, 11 August 1938. Soundings 108-116. 

Figure 11 

The storm approached rather rapidly from the east. There was a sharp 
squall about 17.36, soon after the first sotinding had commenced. With the 
squall heavy rain set in which continued to about 18 10, when the ram 
moderated and gave place to light ram which continued with some slight 
variations in intensity until the storm had passed away. The observers 
noted that there appeared to be two main active centres, one to the west 
and one to the south of the Observatory; in consequence the storm is 
complex and not easy to analyse. 

The potential gradient at the ground was on the whole high and greatly 
disturbed by near lightning flashes. From 17.20, when the record com¬ 
menced, to near the end of the storm the pre-flash potential gradient was 
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negative and furly steady, except for two periods of positive potential 
gradient with maxima at approximately 18.43 and 10.10, The usual final 
N and P fields were well developed as the storm passed away. 

Eight soundings were made during the storm. One failed entirely, owing 
to stoppage of the clock, and one instrument has not been recovered. Two 
of the remaining balloons burst at moderate heights and the others reached 
10 km. or more. 

The first sounding, no. 108, commenced at 17.30. Five minutes later the 
squall struck the Observatory when the balloon was at a height of a little 
over 1 km. The rate of ascent of the balloon then changed from 3 (the 
normal rate of ascent in still air) to 8 m./sec., revealing an ascending current 
of 5 m./seo. The potential gradient at the ground when the ascent com¬ 
menced was negative and the balloon record shows that it remained 
negative but small to a height of nearly 6*0 km. Here the field was reversed 
and a high positive field was recorded from 6>0 to lO-O km. The field changed 
to negative at 10*0 km. and then slowly decreased with height, no clear 
record being left after a height of 10*5 km. There can be little doubt about 
the interpretation of this record. The ascent started in the N field in front 
of the storm. The balloon was drawn towards the active centre as it rose, 
remaining in the weak N field near the N-P boundary. It crossed the 
N-P boundary as it entered the active region and then traversed the P 
field where it was strong, near to the active centre. The track of the balloon 
was similar to dd of figure 2 and its record is similar to dd of figure 3. The 
reversals of the field at 6-8 and 10-0 km. give the levels of the N and P 
charges at the time of the ascent. 

The second sounding, no. 109, commenced at 17.69 when very heavy 
rain, positively charged, and violent changes of potential gradient due to 
lightning, indicated that the active centre of the storm was very near. 
The rate of ascent was at first normal, then more rapid for a few minutes, 
after which it decreased quickly. For 3 min. the balloon hardly ascended 
at all, then it rose very rapidly for a minute and burst at a height of 3'0 km 
So far as one can measure fiom the record the balloon rose 700 m. in 40 sec 
just before it burst, giving a rate of ascent of 18 m./soc. With the rapid 
increase in the rate of ascent the field became negative, very strong, with 
much sparking at the electrode. There can be little doubt that this balloon 
entered the active centre of the storm and that the balloon was burst 
either by the turbulence of the air or by an electrical discharge—the strong 
sparking at the electrode makes the latter the more probable explanation. 
As there can be little doubt that above 2*2 km. the balloon and precipita¬ 
tion were being carried upwards in a strong ascending current the field 
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recorded at the balloon cannot be used to determine the electrical charges 
at different heights. All that can be said is that the strong negative field 
indicates that at that time there was a great concentration of negative 
electricity above the balloon. As this accumulation may have been rising 
with the balloon no definite height can be assigned to it. 

Sounding 110 started 11 min. after no. 109; its rate of ascent was 
normal and steady, showing that it did not experience the turbulent air 
met with in sounding 109. At a height of 4-3 km., when there was sparking 
at the electrodes, the balloon burst, probably again due to eleotrioal 
discharge. The balloon did not fall very rapidly and the alti-electrograph 
record during the descent can be mterpreted, although not with the same 
accuracy as on the ascent. 

Although sounding 110 started 11 min. later than the previous sounding, 
the ascent was not retarded and the balloon reached 3-0 km. only 7 min. 
after the previous balloon had burst at that height. The later sounding 
experienced small to moderate negative fields from the ground to 3*2 km., 
thus the high field at 3'0 km. experienced by the previous bsdloon has 
largely decreased m 7 rain. At 3*2 km. a strong positive field was met which 
lasted to 4*0km., where it changed to an equally strong negative field; 
in both these high fields there was sparking at the electrodes. When the 
balloon burst at 4*3 km., it was still in the strong negative field and the 
falling balloon experienced the negative field for the first part of its fall. 
It left the negative field and entered the positive field at a height of 3-8 km., 
i.e. 0*2 km. lower than the change took place on the ascent, a difference 
which is not significant in view of the uncertainty in interpreting the trace 
during the descent. The positive field extended downwards to the 1*2 km. 
level, where the field changed to negative and remained negative to the 
ground. On the ascent the change from negative to positive occurred at 
a height of 3-4 km. at 18.26, on the descent at 1*2 km. at 18.36. Thus in 
9 min. the boundary between the negative and positive fields had descended 
2-3 km. 

The interpretation of this sounding can best be given by considering 
the lower part of record oa of figure 3. This record it will be remembered 
was obtained by calculating the field due to a small positive charge at a 
height of 1-6 km., a larger negative charge centred at a height of 2-0 km. 
and a positive charge at 6-0 km. The positive charge centred at 1-6 km. 
produces a positive field which is strong near to the boundary of the 
charged region and then rapidly decreases towards the ground; but with 
the charges used in the calculations the field remains positive right to the 
ground. If, however, the positive charge had been smaller or the negative 
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charge immediately above larger, the positive field would not have extended 
to the ground, but would have ended a certain height above the ground, 
this height being detmmined by the relative quantities of x>ositivo and 
negative electricity. 

The positive field between the levels 3*4 and 4-0 km., with negative field 
below and above, revealed on the ascending branch of sounding 110, was 
due to a positive charge centred at 4*0 km. and a negative charge above, 
the exact position of which cannot be fixed as the balloon burst before the 
centre of the charge was reached. The positive charge was being generated 
and accumulated, and at 18.26 the positive field extended downwards to 
the 3-4 km. level, where it was met by the ascending balloon; 0 min. later, 
at 18.36, the positive field heid reached the 1-2 km. level where it was 
passed by the descending balloon. With further accumulation of charge 
the positive field extended still lower and reached the ground just before 
18.40, when the potential gradient at the ground changed from negative 
to positive. The positive field at the ground became stronger until 18.43 
when it reached its maximum. If at this time we could have obtained an 
instantaneous sounding, we should have obtained a record similar to aa 
of figure 3. It will bo noticed that at this time the charge brought down 
by the rain changed from negative to positive, so that not only the field, 
but also the positive electricity causing the field, extended to the ground, 
for there can be little doubt that the positive electricity was carried by 
the rain. 

This conclusion is supported by considering the temperature in the 
region where the positive charge had appeared. Attached to the alti- 
electrograph on this sounding was a Dines meteorograph. It showed a 
remarkably small lapse rate between 2’0 and 4*0 km. At 2-0 km. the 
temperature was 4° C and at 4*0 km. — 2° C, the freezing-point being at 
3-0 km. The accumulation of chaise was therefore taking place in the 
neighbourhood of the freezing-point. 

After 18.43 the x> 08 itivo field at the ground was decreasing, probably 
duo to the falling out of charge on the rain. Sounding 112 cominonood 
while the field at the ground was still positive and the balloon registered 
a positive field for about a minute, then the field at the ground and at the 
balloon became negative. At 18 66 the balloon again entered the positive 
field at a height of 2-0 km., showing that there was still positive electricity 
above. The positive field continued to a height of 3'7 km. where it changed 
to negative, putting the centre of the positive charge just a little lower 
than it had been during the previous sounding 32 min. earlier. It will be 
noticed that during the time the balloon was traversing the positive field 
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between the 2-0 km. and 3*7 km. levels the field at the ground was n^ative. 
The negative field at the groimd commenced to decrease in intensity at 
18.63 showing that the positive charge was again increasing. The field at 
the ground became jmsitive at 19.05 and reached a maximum at 19.10 
after which it decreased. It will be noticed that the decrease in the positive 
gradient was again accompanied by positively charged rain. 

To return to sounding 112- after passing the positive charge {Q charge) 
at 3*7 km. the balloon passed through the N field into the P field at 
6*6 km. The P field was not strong and at about 8*4 km., before the P-V 
boundary was reached, the trace became too faint to register. 

Sounding 114 is typical of an ascent starting in the Q field, and sounding 
116 of an ascent starting in the N field. By this time the active centre of 
the storm was some distance away so that the fields were not strong, and 
although both soundings exceeded 10*0 km. the field was too weak to 
register the P-U boundary. 

Little of use can be said about the lightning discharge, as no records 
were made of the position or distance of the discharges. Until 18.20 
practically all the discharges were positive and therefore most likely 
between the N and P charges. After the Q charge had formed at about 
18.28 there wore a number of negative dischoiges and some large positive 
ones. With the data available it is not possible to say between which charges 
these flashes passed; but from the obvious relationship between the flashes 
and the shape of the [xitential gradient curve, the low positive charge must 
have been involved. 

In this storm, more than in any of the others, we can follow the formation 
and dissipation of the Q charge and there can be no doubt that it was 
associated with the ram. It formed near to the level in the atmosphere 
where the freezing-point occurred, and it can be recognized in the electricity 
carried down by the rain. It is clear also that this process takes place under 
a region with a heavy negative charge, and therefore it is quite independent 
of the positive charge at the top of the cloud. 


Discussion of thb rbsults 
Location of the electrical charges 

In S. and S. an attempt was made to locate the position in the cloud of 
the main electrical charges. This was done by considering that every 
change of sign of the vertical field indicated the presence of a local charge 
of electricity. The height of all such charges was then plotted on a diagram 
(figure 9, S. and S.). This method is now seen to be defective, because many 
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of the changes in the sign of the vertical field are not due to local charges 
but to distant ohargM which may be at very different levels from those 
at which th^ change of field is registered by the alti-electrograph. 

It is not always easy to say whether a reversal of the field indicates a 
local charge; but our analysis of the storms described in this pai)or has 
given many clear cases of the relation of the balloon to the charge, and in 
these oases the height of the charge can be fiixed with some degree of 
certainty. In other cases, when the track of the balloon cannot be deduced, 
reversals of high field, especially if there is sparking at the electrodes, 
show that the balloon is near to the charged area, and the point of reversal 
can be accepted as giving the height of the centre of the charge. By 
applying these considerations to all the storms described in these two 
papers it has been possible to pick out twenty-seven soundings each of 
which gives with reasonable certainty the position of at least two charges 
and in some oases of three. These twenty-seven soundings are taken from 
thirteen storms and they have been tabulated in table 3. When there are 
two or more soundings in one storm they have, if possible, been combined, 
mean values being ts^en, the object being to give each storm an equal 
value. In two storms, 19 June (21.00) 1930, and 21 August 1939, this was 
not advisable, as in each case there was a sounding at the beginning of the 
storm which gave heights and temperatures for the charges entirely different 
from those given by the later soundings. In these two oases both sets of 
values have been used. The table contains for each storm, the temperatures 
at the levels of the lower positive charge (Q), the negative charge in the 
lower cloud (N), and the upper positive charge (P), and in addition the 
temperature at the ground during the storm. As readers may wish to 
examine the soundings which have been selected, reference is given in the 
table to the diagram on which each sounding will be found. 

The data contained in table 3 have been plotted on figure 12. There are 
fifteen sets of data, which for convenience we will call ‘ soundings ’, although 
some of them are combinations of two or more original soundings in the 
same storm. These have been numbered in order of increasing temperature 
at the N charge (column 7) and plotted on figure 12 in that order. For 
each sounding the signs +, +, have been entered at the temperature 

where the P, N and Q charges respectively were centred (i.e. where the 
field reversed), the two former being connected by a vertical line. A dot 
enclosed in a circle represents the temperature at the ground during the 
storm. 

In every storm, and in every individuid sounding, the temperatiu« at 
the P charge was below —10“ C. It will also be noticed that on the whole 
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the temperature at the P oharge decreased with the temperature at the 
N oharge, although there ate large variations in the differences, the average 
value of which is 16° C. 

The temperature at the N oharge was 0° C or below in thirteen out of 
the fifteen soundings. The lowest temperature recorded at the N charge 



Fiocrk 12. Temperaturos at the Fioubb 13. Frequency of positive fields 
centres of the P, N and Q cliarges according to height, 

and at the ground. 


was — 10° C on 16 September 1936, and the highest 8° C on 26 June 1936, 
the mean of the fifteen soundings being —7° C. 

In five of the seven storms in which the position of the Q oharge could 
be fixed the temperature at the level of the charge was above the fireezing- 
point; in one of the others it was — 2° C and in the remaming storm - 9° C. 

There appears to be no relationship between the temperatures at the 
ground and the temperatures at the different charges. 






Sir G. Simpson and G. D. Robinson 


The poUntial gradient in the douda 

In S. and S. reasons were given for concluding that sparking ooourred 
at the electrodes of the alti-eleotrograph when the field reached approxi¬ 
mately lOOV/cm., and attention was drawn to the surprisingly large 
number of soundings in which no aparkii^ occurred. This remarkable 
absence of large fields within a thunderstorm is even more strongly marked 
in the new records. Thirty-seven new soundings are discussed in this paper 
and sparking occurred only in three, nos. 118, 109 and 110. The balloons 
burst in three other soundings when in strong fields, nos. 129, 96 and 98, 
and these may have been destroyed by electrical discharge, although the 
instruments on recovery showed no signs of such a discharge. One is led 
to the conclusion that the fields in a thundercloud are of the order of 
100 V/cm., except in relatively small regions where there is great electrical 
activity and in which lightning discharges originate. We find no evidence 
of large honzontal sheets of |x>8itive and negative electricity with fields 
approachmg the discharge field (10,000 V/cm.) between them. 

The percentage frequency with which positive and negative fields ooourred 
at different heights was considered in S. and S. and the results were given 
in table 2 and figure 8 of that paper. The same method has been applied 
to all the soundings now available and the results are plotted on figure 13, 
in which the abscissae are percentage frequencies of positive potential 
gradient and the ordinates height above the ground; the number of 
soundings used in determining the percentage is shown against each point. 
It will be seen that this curve is of the same form as the one published in 
8 and 8.; but as there are now many more high ascents the upper part is 
completed and we find, as suggested in S. and 8., that positive fields entirely 
disappear at the greater heights, no positive fields being recorded at a 
greater height than 12*0 km. 

In figure 14 the same data have been plotted against temperature 
instead of against height—the temperature being obtained in the way 
described on p. 282. As temperature is intimately related to height the 
form of the two curves is similar, but the lower point of inflexion is much 
sharper and occurs very near to 0° C. The implication of this will be 
discussed later. 


The potentuU gradient at the ground 

In discussing the individual storms we have seen that many of them 
are associated with changes of potential gradient at the ground similar to 
the changes which would be experienced if a storm similar in structure 
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to that used for calculating figure 1 passed over the station. Such a 
distribution of electricity gives at the ground a positive field when the 
storm is approaching and receding, and a negative field nearer the centre 
which is reversed or deduced in intensity when the most active part of 
the storm is overhead. This distribution of the field at the ground was 
recognized in the previous work and exhibited in figure 21 of 8. and S. 



Fiouhk 14 Frequency of poHitive fields according to temperature. 

That figure was prepared by combining the records of twenty storms. 
Each record was centred about the midpoint of the total period of dis¬ 
turbance and the number of occasions of positive and negative gradients 
in each of the 6 min. intervals counted. The result was a curve clearly 
showing the characteristics to be expected from the passage of storms of 
the Q, N, P type. It was stated, however, “owmg to the great difference 
in size, duration and rate of travel between one storm and another it is 
difficult to combine satisfactorily the records of different storms”. This 
difficulty was experienced when the new records were treated in the same 
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way; and the resulting curve, whilst showing the expected form, was 
irregular, especially near the ends, owing to the phases of storms of long 
duration not coinciding vrith those of storms of short duration. A slightly 
modified method was therefore employed. Records of twelve new storms 
were available. Each record, beginning and ending where the potential 
gradient exceeded 10 V/om., was divided into twenty equal parts and the 
proportion of positive and negative fields in each part determined. The 
corresponding parts of the storms were then combined and the percentage 
frequency of positive potential gradient determined for each of the twenty 



storm centre 

FKurHB IS. Frequency of positive fields at ground-level. 

parts. The results are plotted in figure 16, which clearly shows the pre¬ 
dominance of positive fields as the storm approaches and recedes, the 
excess of negative fields nearer the centre and the increased frequency of 
positive fields in the immediate neighbourhood of the centre of the storms. 
A similar result has been obtained in a different way by Wormell ( 1939 ). 
In tables 4 and 5 of his paper Wormell gives the duration in minutes of 
positive and negative pre-discharge potential gradients according to the 
distance of the nearest active storms, from which the following values 
have been taken: 

TABIiK 4. DuEATION of POSITIVE AND NKGATIVB FBE-DISCHABOB 
POTENTIAL GRADIENTS (WoBMELL) 

Distance of nearest Percentage positive 
active storm in km. fields 

<3 38 

3-S 29 

5-10 40 

10-15 69 

>15 76 

Thus we see exactly the same distribution of potential gradient as found 
in our work, and there can now be no doubt that the average distribution 
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of potential gradient at the ground in the neighbourhood of a thunderstorm 
is consistent with the distribution of eleotrioity shown in figmw 1. 

In S. and S. it was suggested that the P and N charges are associated 
with ice crystals, and the Q charge with rain. These conclusions will now 
be examined in the light of all the soundings which are now availabie. 

The P and N chargee 

It has now been possible to analyse more or less completely the electrical 
field in fourteen storms, and diagrams have been published, six in S. and 
8 ., and eight in this paper, showing the distribution of charges which 
would account for the electrical field revealed by the soundings. In every 
one of these storms the presence of a positive charge necir the top of the 
cloud and a negative charge in the lower half has been indicated. The 
presence of these two charges is responsible for the sequence of potential 
gradient changes nectr the ground as storms approach and recede. This is 
shown in figure 16, the high frequency of positive potential gradient on 
the fringe of the storm is due to the upper positive charge, while the large 
predominance of negative potential gradient under the main cloud is due 
to the negative charge in the lower half of the cloud. There can therefore 
now be no doubt that a positive charge at the top of the cloud with a 
negative charge below it is a normal feature of every thunderstorm. 

The nature and origin of the P and N charges 
In figure 12 are plotted data from thirteen separate storms, in each of 
which there is reason to believe that the positions of two or three of the 
P, U and Q charges are fairly accurately fixed. The data used are the 
temperatures at the electrical centres of the charges, assuming that the 
reversal of the field approximately indicates the centre of the chcuge. 

In every case the temperature at the centre of the P charge was lower 
than —10° C, and in thirteen out of fifteen cases considered the temperature 
at the centre of the N charge was 0° C or lower. In other words, with two 
exceptions, which will be considered later, both P and N charges were 
within that part of the cloud which was below the freezing-point. There 
can be little doubt that the P and N charges are complementary, i.e. they 
are the results of some process which has separated the positive electricity 
in the upper part of the cloud from the negative electricity in the lower. 
This process must therefore be one which can function in temperatures 
far below the freezing-point and within clouds which are known to be 
composed of ice crystals. We see no reason to change the opinion expressed 
in S. and 8. that the cause of the separation of the eleotrioity u the impact 
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of ioe crystal on ice crystal which leaves the ice negatively charged and 
the air positively charged. The general settling of the negatively ohaiged 
ice crystals relatively to the positively charged air would then result in a 
separation of electricity with the positive charge above the negative. 

On this theory the amount of electricity generated will depend on the 
turbulence of the air, which determines the frequency of the impacts, and 
on the number of ice crystals, for with a given turbulence the number of 
collisions will depend on the number of crystals. On the other hand, the 
size of the ice crystals will determine the rate of separation, and the 
velocity of the ascendmg currents the time during which a group of ice 
crystals will contribute to the whole process. In a thunderstorm we have 
violent ascending currents, producing much turbulence and large accumu¬ 
lation of ice crystals, just the factors which tend to increase the electrical 
effects. In non-thunderstorm clouds, with small ascending currents and 
relatively few ice crystals, the electrical separation is small and only small 
electrical fields, either in the clouds or below, are produced. 

In the lower part of the cloud the negative charge is carried on the ice 
crystals which are falling relatively to the air. If there are no ascending 
currents the ice crystals approach the region of the cloud where the 
temperature is above the freezing-point and there melt. They continue 
their fall, however, as negatively charged rain canying the negative charge 
into regions with temperatures above the freezing-point. This explains the 
two cases in which the temperature at the centre of the negative charge 
was above 0° C. The first of these was in the storm of 10 June 1937. 
From figure 8 it will be seen that sounding 78 showed the centre of the 
negative charge at 2-0 km. where the temperature was 6° C, and highly 
charged negative rain was falling as seen on the rain-electricity record. 
The progressive fall of the negative charge is seen by comparing the change 
from negative to positive field in soundings 76, 77 and 78. In sounding 76 
the centre of the charge was at 4-0 km. with a temperature of — 3° C, in 
sounding 77 at 2-7 km. with a temperature of 2° C, and in sounding 78 
at 2*0 km. with a temperature of 6° C. Here we clearly see the settling of 
the charge first on the ice crystals and then on the rain. The other cases 
of the centre of the negative charge being at a temperature above the 
freezing-point occurred on 26 June 1936 (figure 18, S. and S.). Here five 
soundings showed a change from negative to positive field at temperatures 
well above the freezing-point As there was no record of the rain-electricity 
it is impossible to say whether in this storm negative electricity was being 
carried down by the rain; but there is no reason to doubt that the 
explanation holds good in this case also. 
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The Q charge 

There can now be little doubt ae to the jErequent occurrence of a positive 
charge below the main negative charge in the lower part of the cloud. 
The snal 3 r 8 U of the storms discussed in this paper has shown the presence 
of a Q charge in every storm. The evidence is particularly conclusive in 
the storms of 13 September 1937 and 11 August 1938 (figures 10, 11). 
A re-examination of the storms discussed in 8. and S., with the greater 
experience we now have, shows unmistakable evidence of a Q charge in 
all the storms except the storm of 26 June 1936 (figure 18, S. and S.), and 
even in this storm there is a period of positive potential grBulient at the 
ground between 13.18 and 13.26 which it would be difficult to explain 
except as the consequence of a positive charge below the negative charge 
revealed by all the soundings. It is probably too early to say that every 
thtmderstorm has a low positive charge in addition to the main P and N 
charge; but there can be no doubt that the majority of thunderstorms 
have all three charges. 

The nature and ortgin of the Q charge 

We have shown in the discussion of the individual soundings that the 
change of sign of the vertical field does not always indicate the true level 
of an electrical charge, and that m some cases it does not even indicate a 
separate charge at all. Thus a number of reversals of field which were 
interpreted in S. and 8. as being due to a low positive charge cannot be 
used to determine the level of the Q charge. 8even cases, however, have 
been included in figure 12 in each of which there was evidence that the 
balloon had been sufficiently near to the active centre to be quite sure 
that the change in field mdioated the proximity of a charge and its approxi¬ 
mate level. It should be noted that if the N charge above the Q charge 
is large the change of field occurs some distance below the centre of the 
Q cheuge (see figure 1), also the boundary between the N and Q fields falls 
away rapidly £rom its highest point as one retreats from the axis of the 
storm. For these two reasons the centre of the Q charge determined from 
the reversal of the field is likely to be too low. Figure 14, however, gives 
us further information regarding the location of the Q charge. If every 
storm had been bipolar with the lower charge generally above, but 
occasionally a short distance below, the level at which the freeziig-point 
occurs, the curve in figure 14 would have been unaltered from the highest 
point to 0° C, but from 0° C it would have rapidly approached the zero as 
indicated by the dotted line. Below this point all the fields would have 
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been negative (neglecting one sounding which oonunenoed in the P field 
on the edge of the storm), and the percentage of positive fields would have 
been zero. The fact that the potential gradient in 30% of the soundings 
from the ground to the level of the freezing-point was positive indicates 
the frequent presence of a positive charge below the negative charge on 
the ice cr 3 rBtalB. As the frequency of the positive fields was practically 
constant from the 0° C level to the ground, the Q charge must have been 
mainly in the neighbourhood of the fireezing-point level. In two of the 
storms, 15 September 1936, sounding 68 (figure 17, S. and S.), and 11 August 
1938 (soundings 110 and 112, figure 11), the centres of the positive charge 
as fixed hy the change of field were at temperatures below the freezing- 
point. The case on 11 August can be easily explained as there were strong 
ascending currents, and the positively charged rain might well have been 
carried beyond the freezing-point level to a height where the temperature 
was - 2° C. The former case is more difficult to explain as the temperature 
at the centre of the positive charge was — 6°C; but there is nothing 
inherently improbable in positively charged precipitation being carried to 
great heights. In spite of these two cases the evidence is strong that the 
Q charge is formed in temperatures above the freezing-point and that it 
is associated with heavy rainfsdl. We therefore see no reason to depart 
from the opinion expressed in S. and S. that the positive electricity which 
forms low down in the cloud is generated by the process of breaking drops 
as first suggested by Simpson in 1909. 


COKOLnSIONS 

(а) In every thunderstorm there is a positive charge of electricity near 
the top of the cloud, where the temperature is below -10° C. 

(б) In every thunderstorm there is a negative charge below the upper 
positive charge, and in most cases this charge is in a part of the cloud 
where the temperature is below the freezing-point. 

(e) The generation and separation of these charges occurs in the ioe 
region, and the most probable cause is the collision of ice crystals in the 
turbulent am associated with the strong ascending currents in a thunder¬ 
storm. The collisions charge the ice negatively and the air positively, and 
it is the settling of the ioe crystals relatively to the air which separates the 
positive and negative charges. 

(d) Below the main negative charge in the lower half of the cloud there 
are in most, if not in all, thunderstorms regions containing positive charges. 
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With few exceptions the temperature where these positiTe charges occur 
is above the freezing-point. 

(s) These low positive charges are associated with heavy rain and they 
are probably generated by the breaking of rain drops in ascending currents 
of air. 

Our thanks are due to the Director of the Meteorological Office for 
permission to publish this paper which'was undertaken os part of the 
scientific work of the Kew Observatory. 
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Exchange effects in the theory of the continuous 
absorption of light 

I. Ca and Ca*" 

By D. R. Bates, M.Sc. and H. S. W. Massey, F.R.S. 
Unwersity College, LondUm 
(Received 10 September 1940) 


The continuous absorption coefficients of normal Ca and Ca'^ are caloulatod. 
Both the discrete and continuous wave functions used in the oaloulation 
include the effect of electron exchange Comparison is effected with reeults 
obtained neglecting exchange and it is found that appreciable modiffoations 
are introduced by its inclusion. This is particularly truo for Ca+ which u a 
sensitive case owing to very strong interference m the mtegrand of the 
.transition matrix element. The bearing of the reeults on the calculation of 
absorption coeffloiants in general is diaoiused, and it is pomted out that the 
discrepfuicy between theory and experiment for potassium ansea because 
this also is a very sensitive case. 

An apphoation of the reeults for Ca is made to reeolve a discrepancy between 
determinations of interstelUir electron densities carriod out using different 
methods by Strorngren and Struve. 


Vol 177 A. 
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A knowledge of the oontinuoiu absorption ooeffioientB of various atoms 
is required for the theory of stellar atmospheres and of the ionized layers in 
the upper atmosphere of the earth. As it is difficult to obtain the required 
information by experiment except in a few cases, special importance attaches 
to the development of accurate theoretical methods. For atomic hydrogen 
an exact calculation can be made: but approximate methods, which often 
have little pretence to accuracy, must be resorted to in other cases. The 
problem is one of calculating the probability of an atomic electron making 
a transition from a discrete state to one of the continuum on absorption of 
the light quantum. This mvolves a knowledge of the corresponding atomic 
wave functions. In calculations which have been carried out previously the 
approximation used for the discrete wave function has usually been fairly 
satisfactory, but the same cannot be said about that representing the con¬ 
tinuous state. In many cases this has been assumed to be of hydrogen-like 
form with an effective nuclear charge the same as that for the ground state 
function. This can lead to completely illusory results for absorption near the 
low-frequency limit, as has been pomted out by Bates (1939). A much better 
approximation is to take for the wave function the appropriate solution of 
the Schrodinger equation for the motion of the electron in the static average 
field of the atomic core. This procedure has been carried out for helium by 
Wheeler (1933), for the atoms of the first row in the periodic table from boron 
to neon by Bates (i939),for lithium by Hai^reaves (1929) and for potassium 
by Philhps (1932). For the latter atom the theoretical results can be com¬ 
pared with the experimental results of Ifitchbum and Braddick (1933) and 
the agreement is very poor indeed.! To attempt to remedy this situation it 
is necessary to carry the approximate determination of the continuous wave 
function a stage further, by including the possibility of electron exchange. 
This has been done for absorption by U~ (Massey and Bates 1940). In this 
Ciase the exchange effects were found to be unimportant, but it was pointed 
out that this is not likely to be a general result, particularly for heavier 
atoms. We have therefore chosen the case of absorption by Ca and Ca+ in 
their ground states to investigate the matter further. A knowledge of the 
absorption of neutral and ionized calcium is important in astrophysics, and 
accurate ground state wave functions are obtainable from the calculations 
of D. R. Hartree and W. Hartree (1938) using the Fock method. The results 
obtained show that exchange can be very important and it is possible that 
its inclusion will clear up the discrepancy between theory and experiment 
for potassium. Calculations on the latter atom were begun by J. Ingham and 

t For a nummary of theoretical and experimental work see a review by Page 

{1939)* 
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D. R. Hartree before our work was commenced, but these have been tem¬ 
porarily held up by the pressure of official duties. The possibility of bringing 
observed and calculated values into agreement for potassium by inclusion 
of exchange was first pointed out by D. R. Hartree, to whom we are indebted 
for several discussions on the matter. 

From the calculated absorption coefficients it is possible to derive the 
coefficients of recombination for slow electrons into the ground states of Ca 
and Ca-''. The values we obtain may be utilized to resolve a discrepcmcy 
between the interstellar electron densities derived by Struve (1939) and by 
Stromgren (1939) using independent methods This aspect of the matter 
was first brought to our attention by Dr Strbmgren of Copenhagen Obser¬ 
vatory, and it was originally intended that he would carry out the astro- 
physical application of our results. The Gorman occupation of Denmark 
has rendered this out of the question, so a brief analysis of the matter has 
been carried out by us and is described in the concluding section. 


GrNERAL TJlKORy 


The continuous absorption coefficient k, of an atom for light of frequency 
i> is given by 


k. 


327r<m*c* 

,T-, 


( 1 ) 


where * J 

V is the velocity of the ejected electron, Wf are the imtial and final wave 

functions of the atom, suitably normalized,! and r is the displacement of a 
particular electron from the centre of the atom. If exact wave functions V 
are used this formula will give results of a high degree of accuracy so the 
theoretical problem is essentially one of obtaining accurate approximations 
for the wave functions. 

For atoms such as Ca and Ca+ we may write, with sufficient approxima¬ 
tion, 

= ( 3 ) 

where ^ is a function of the co-ordinates of the core electrons only and f 
of the co-ordinates r of the outer shell electrons only Since the ground 

t is normalized to unit density and V, to represent at infinity an incident wave 
of unit amplitude together with a core function of unit density. The case t; = 0 requires 
special consideration for which see a preceding paper (Bates, Buckingham, Massey 
and Unwin 1939). 
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states of C 3 a+ and Ca are 4 «*S and ( 4 «)*iS terms respectively, the excited 
states of the continuum, of energy S, to which the transitions take place, 
must be {Ep)*P and (iirp)( 4 «)*P terms respectively, in order that the 
selection rules be obeyed. We therefore have 

For Ca+: 

1 r), = ^(r.) | r). ( 4 ) 

ForCa: 

= ^(re) 1 r,) \ r,). 

W, = 2-» ^(r.) [,^( 4 s I Ti) ^{Ep I r.) + ^(Ep \ rO ^( 4 s | r,)]. (6) 

<j> denotes the core function which is effectively the same for Ca, Ca+ and 
Ca++ respectively, [ r) is the wave function of the 4 s electron of Ca+, 
\jr(^ I r) of Ca, while ^{Ep | r), ^(Ep \ r) are the corresponding functions 
for an electron of positive energy E moving in the field of normal Ca+ and 
Ca respectively. Further, if / is the ionization energy of Ca+ or Ca then 

E = hv- 1 . 

Substituting these formulae in ( 2 ) we have 
For Ca+: 

R = ji/r +{48 1 r) r\jf^*(Ep \ r)dr. (6) 

For Ca: 

R = ^f{ 4 s\T)ij/+*( 48 \T)dT^^( 48 \t)r^*(Ep \ r)dr, ( 7 ) 

since the individual electronic wave functions are supposed orthogonal. 

Of the functions appearing in (6), ( 7 ), all but ^(Ep | r), }jr+{Ep \ r) are 
given by the self-consistent field calculations carried out by D. R. and 
W. Hartree (1938) for Ca and Ca+ The functions were calculated by the 
method due to Fock (1930) and mclude the effects of exchange. They must 
therefore be regarded as the most accurate which can be obtained at present 
if the wave function is written m the form (3). 

Using these functions the left-hand integral of ( 7 ) may be evaluated 
numerically and we find 

For Ca: R = O-QSj J5i^(4« | r) rf*{Ep | r) dr. (8) 

To complete the calculation it remains to determine the functions ^{Ep \ r) 
and i^(Ep \ r) with the same accuracy as the functions for the bound state. 
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DBTBSBCIKATIOK of OONTINTTOVS WAVS rONOnONS 

The Fook equations as developed by Hartree may be applied immediately 
to set up equations which must be satisfied by ir{Ep \ r) and ^{Ep | r). 
For Ca'*' these equations will take the same form as for any excited p electron, 
while for Ca they are of the same form as for the p electron in a ( 4 s) (np) 
configuration. These equations have already been given by D. B. and 
W. Hartree (1938). Writing 

( oob6 
sine cos 
sine sin 

then in atomic units 

[ 1 ^ + (e + 2 Z+/r - 2 /r«)} P{Ep | r) + Qjr = 0. ( 9 ) 

where e is the kinetic energy of the free electron in units 13-63 eV, is the 
effective nuclear charge for potential of the Ca’*”'' core, and 

+J^(2r,(np, E I f)+R,(np, E\r)-P(np | r), 

where 

na^,yS\r) = {jV(a;?|ri)P(y^|fj)(f,|r)'dri 

+|“P(a/? I fi) P{yS I rO (r | . 

r ^P(na \ r), r-^P(np | r) are the s and p self-consistent radial wave functions 
for Ca++. The quantities are Lagrange multipliers which are adjusted 
so the wave function P(Ep | r) is orthogonal to the P(np | r) functions 
appearing in Q. 

For Ca the equation satisfied by P{Ep | r) is of the same form as ( 9 ) but 
contains the additional term 

-Sn( 4 «,P|r)P( 4 s|r) 
in Q, and is replaced by 

Zp = Z+-y„( 4 s, 4 s|r). 

In the equation ( 9 ), the terms represented by Q arise from inclusion of 
exchange. If Q is put equal to zero the equations are of the ordinary dif¬ 
ferential form and may be solved by standard numerical methods (Hartree 
1927) using the function given by D. R. and W. Hartree (1938). When 
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exchange is inolnded the equations become of integro-differential type as 
the unknown function P{Ep \ r) appears under int^ral signs in Q. Xo 
standard method exists for solving such equations, and a method of suc¬ 
cessive approximation was employed to obtain self-consistent solutions. 
The procedure adopted was to deal first writh the case £ = 0. Using the results 
of the Hartrees’ investigations on the effect of exchange on the discrete wave 
functions of Ca+ and Ca a reasonable first estimate was made of the solution. 
This was especially accurate for small distances r. The integrals appearing 
in Q were evaluated by using this estimated function, and the equation (9) 
solved numerically with this form for Q. By comparison of the resulting 
solution with that first estimated it was then possible to improve the approxi¬ 
mation. The process was repeated until the function used in evaluating Q 
was sufficiently nearly the same as that resulting by solving (9) with this 
value of Q. It was found, as suggested by the Hartrees, that it was not 
necessary to take the undetermined multipliers r/ into account until the 
final stages of the calculation. These multipliers were not important for Ca+, 
but were more so for Ca. 

Having obtained the solution for £ = 0, results for other values of e (up 
to £ = 0-4 for Ca+ and e =» 0*1 for Ca) were obtained by taking for Q the 
values given for e = 0 and then solving (9) directly. This is of sufficient 
accuracy ovring to the slow variation of Q with e. 

In figure 1 the functions obtained for e = 0 for both Ca"* and Ca are 
illustrated, those calculated with neglect of exchangef (i.e. with Q = 0) being 
included for comparison purposes. 

It will be seen that for Ca+ the effect of exchange is to puU m all the nodes 
of the function as if an additional attractive field were present. This is a 
general feature of exchange effects of a p electron with a closed shell. For 
Ca again, exchange with the closed shell core pulls in the first two nodes, 
but the exchange repulsion due to the 4« electron, with opposite spin to the 
Ep electron, cancels this effect for the higher nodes. 

The normalization of the functions is somewhat laborious. The procedure 
has been described already by several authors. If P{Ep \ r) joins smoothly 
at laige r to 

aOi+bHi 

where Gj, Hi are the functions given by the authors in a previous paper 
(Bates, Buckingham, Massey and Unwin 1939), then the correct normalizing 
factor is 

{|7r£t(l +e)}V(a*-t-6*)*. 

t It 18 to be noted that this means that exchange has been neglected in calculating 
tihe continuous but not the discrete wave function. 
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The difficulty is that the functions must be first evaluated numerically 

at two values of r such that the function Z^/r has taken its asymptotic form 
(2/r for Ca+, 1/r for Ca), before this procedure can be applied. Some abbrevia¬ 
tion of the work follows from the fiwjt that functions used to normalize 
P{Ep I r) for Ca at a particular value of e may also be used to normalize 
P{Ep I 2r) for Ca+ at 4*. In case the values calculated for and Hi should 
be of use to other authors a table of them is included in the appendix. 



Fiourk 1 . Wave funotioiu oonocmed in tho caloulation of oontinuoiu) abeorption by 
Ca and Ca+. Upper sot of curves refer to Ca+, lower to Ca. Curves To: continuous 
wave function P{op/r) inoludinR exohanjpj (e = 0 ). Curves 16 . continuous wave 
function P^opjr) without inclusion of exchango (« = 0 ). Curves II: normalised 
discrete wave function Pi^jr) multiplied by r The oontmuous functions arc noirnal- 
isod, apiart from a factor 


Nuhbbioal hbsults and discussion 

Having obtained the oontinuoua wave functions, it is only necessary 
to complete the evaluation of the absorption coefficient by numerical 
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integration. In obtaining the final numerical values the' experimental 
value of the firequenoy u was used rather than any theoretical value. 

In table 1 the resultB obtained for Ca are given. It will be seen that the 
values do not depart much from the p* law either when exchange is intro¬ 
duced or not. The effect of exchange is, however, quite marked in leading to 
a’larger value of the absorption coefficient at each frequency. 

TaBLB 1. CaL0ITIi 4TBD ABSOBFTION OOBKSIOIVNTS BOB Cs AND Ca+ 


Eiwrgy of ejftot- Absorption ooeffloient 



ea eieoirToa 

Without 

With 


13-63 oV 

exchange included 

exchange included 

Calcium (spectral head 

0 

1-39 X 10->» cm.* 

2-45 X 10-*^ cm.* 

49,360 om.-‘; 6 09 oV) 

0-026 

1-13 

2-07 


0-060 

0-98 

1-77 


0-076 

0-77 

1-64 


0-100 

0-65 

1-36 

C!aloium+ (spectral head 

0 

7-7, X 10-»» --m * 

2-3, X 10~*» era.* 

95.730 om.-‘: 11-82 eV) 

0-100 

4-8, 

2-4, 


0-200 

2 9, 

2 -6, 


0-300 

19, 

— 


0-400 

1-3, 

— 

Hydrogen (spectral head 

0 

0-28 X 10 

cm • 


109,680 om.-‘) 

For Ca+, the results for which are also given in table I, the effect of 
exchange is much more marked. This is a very sensitive case where the 
interference between the functions api^earing in the integrand of the matrix 
element is very strong and small changes in either function make a great 
difference to the final answer. The extent of this interference may be judged 
by comparison of the absolute value of the absorption coefficient with that 
for Ca or for H (value given at the foot of the table). Actually the sign of 
the matrix element is changed by inclusion of exchange It is therefore by 
no means out of the question that cases should arise where the matrix 
element vanishes at some frequency near the limit giving a variation of 
absorption coefficient with frequency of the form observed by Ditohbum 
and Braddick (1933) for potassium. 

In such cases as Ca'*' where the results are so sensitive to small changes in 
the wave functions it is clearly out of the question to attain high accuracy in 
theoretical evaluation. Thus we have ignored the effect of polarization in the 
continuouB wave function. Although its influence on the function may be 
small, the modification of the theoretioal absorption coefficient may be 
considerable. It can always be said, however, that as the high sensitivity 
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arises from strong cancellation in the integrand of the transition matrix 
element, in all oases where theoretical values are untrustworthy, the 
absorption coefficient will be smalL This always assumes, of course, that the 
theory is not too crude. For example, it U necessary to determine tiie 
continuous wave function at least by numerical solution of the wave equation 
for the motion of the electron in the self-consistent field of the ion concerned. 
Empirical methods relying on the assignment of effective nuclear charge 
will not be adequate. 

It is important to decide under what conditions we can expect high sensi¬ 
tivity to detail in theoretical absorption coefficients. This will occur almost 
exclusively in absorption by a electrons, for here only one final state of 
angular momentum is possible. In other oases two possible final states exist 
and it will be most unlikely that strong cancellation will occur in the matrix 
elements for transitions to both these states. It is unfortunate that the only 
cases where direct comparison of theory and experiment has proved possible 
should be of the sensitive type. The failure of theory to reproduce the exact 
form of the results for these oases should not be regarded as evidence of any 
fundamental failure, it is satisfactory that for potassium the theory agrees 
with observation in predicting a small absorption coefficient at the limit 
Summing up, we must expect that, where theory predicts a small absorption, 
this will really be small, though the magnitude and frequency variation may 
not be accurate. On the other hand, where the theoretical absorption 
coefficient is of normal order of magnitude (10"” cm .*) it is probably reliable 
in both magnitude and frequency variation. We assume again of course that 
both wave functions involved in the theoretical determinations are derivoti 
from self-consistent field calculations as outlined above. 


Astrophyaical application—TJte electron denaity in mteraleJlar space. 

Investigations on the electron density in interstellar space have been 
made by two distinct methods. 

Strdmgren (1939) considered the source of the electrons. He assumed that 
they were all derived from hydrogen, the electron density N(e) being equal 
to the density of the hydrogen ions and much greater than the 

density of the hydrogen atoms N{H). He examined in detail the rates of the 
various processes leading to the formation and destruction of excited atoms 
(of density N{}i')), and by using the results of quantal calculations (Cilli^ 
1932, 1936), Bethe (1933), Menzel and Baker (1937, ^93^) ^ 

determine the equilibrium constant K in the equation 

^'(e) iV'(H+)/i^(H') =. K. (10) 
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From die observed strength of H., ^(H') may be determined as 
3 X 10~*Vom.*, for the third excited state. By considering this case in detail 
an electron density of 3/om.', relatively insensitive to temperature, etc., 
was obtained. 

Struve (1939) made use of measurements by Dunham (1937) in the inter¬ 
stellar absorption lines of calcium to determine the ratio of the density of 
singly ionized calcium ions, N{Cek+), to the density of calcium atoms, N{C&). 
This was found to be 120. To obtain the electron density this result was 
substituted in the Saha equilibrium formula: 

(II) 

where / is the ionization potential of calcium, q', q" are the statistical 
weights of the atom and ion respectively, T^, the temperatures respectively 
of the radiation and of the electrons and fi is the dilution factor. Taking 
— 16,000® K and y? = 10-w Struve finds N(e) =» 30/om.*, ten times 

greater than the value found by Stromgren. 

It was pointed out by Stromgren (1939) that the Saha formula (11) does 
not give the true equilibrium as it does not allow for electrons recombining to 
excited states and then cascsMling to the ground state. This process reduces the 
value of iV(e) given fixim (11) by a factor ajoif where is the recombination 
coefficient to the ground state of Ca and tz, the total recombination coeffi¬ 
cient. Now Ug may be determined from our calculated absorption coefficient 
k% by tlie relation 

Ug = (ak,{2h*v^jtn*ch>), 

where w is the weighting factor J and v the velocity of the ejected electron. 
The recombination coefficients to the excited states may be obtained with 
sufficient accuracy by treating them as hydrogen-like (Bates et al. 1939). 
We then find for electrons at a temperature of 16,000° K, 

Xg =s 10-i*/cm.*/Bec , a, = 6 x 10-“/cm.®/8ec., 
giving Xglxi = J, iV(e) = 6/cm.*. 

This removes any disagreement between the two methods. 

It should be noted that, while there is no marked discrepancy between 
quantal theory and experiment as regards recombination to the ground 
states of atoms, certain measurements by Kenty (1928) and Mohler (1937) 
point to a much greater total recombination coefficient than do the 
calculations we have just used. It is interesting to consider the effect 
of this difference. Taking Xg as before and using the experimental result 
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a, =» 4 X 10-^^/cm.*/8eo. gives otglot, — 2-6 x 10"*, N{e) = 0 * 008 /om.*. This 
is in very poor agreement with Stardmgren’s results. It thus appears that 
astrophysioal evidence favours the view that the recombination observed by 
Kenty (1928) and Mohler (1937) was not due to a simple two-body radiative 
process—but it must be emphasized that this evidence is indedsive owing 
to the many uncertainties entering the astrophysical estimations. 

Acknowledgement is due to the Ministry of Education for Northern 
Ireland for the award of a grant to one of us (D. R. B.). 
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The aoatiering of oleotrons by gold, xenon and krypton atoma has been 
mveetigatod uauig Dirac'e equationa. The polarization to be expected by 
double aoattonng at 00° haa boon atudied for an energy range 100 to 
180,000 eV. The reaulta agree aubatantially in the energy range 10,000- 
160,000 eV with thoao obtained by Mott for an unscreened gold nucleua. It ia 
found, however, tliat for lower energies the effect of screenuig is more im- 
porUuit. In particular, at energies for which the intensity of suiglo aoattormg 
at 00° ia near a tnimmuni, a large polarization is to be expected in the case of 
gold. For xenon the polarization never exceeds 4 % and for krypton 2 %. 

Modifications of the interaction between a nucleus and electron which 
would reduce the polanzation are considered. 

As aui example of a field as different as jiossiblc from the Coulomb type, 
the polarization produced m double scattoiing by a potential ‘woll’ is m- 
vustigated m detail. 

The relativistic theory of the electron introduced by Dirac ( 1928 ) has 
been very successful in a number of directions. It led to the remarkable 
prediction of the existence and properties of positrons and, besides providing 
a quantitative theory of the scattering of short-wave radiation by free 
electrons (Klein and Nishina 1929 ), has given essentially correct formulae 
for the loss of energy by radiation experienced by the fast electrons occurring 
m cosmic-ray phenomena (Anderson and Neddermeyer 1936 ). In one direc¬ 
tion, however, an outstanding discrepancy remains. In 1929 Mott developed 
the theory of the scattering of electrons by a scalar potential field usmg 
Dirac’s equations and showed that polarization effects are to be expected on 
double scattering of electrons by a Coulomb field. Detailed calculation for 
a field with charge 79c (corresponding-to scattering by gold nuclei) showed 
that in the second scattering a maximum asymmetry of 16 % was to be 
expected in the azimuthal distribution, about the direction of the first 
scattering, for electrons of energy 127 ekV. A number of experiments have 
been carried out to search for this effect but the maximum asymmetry 
r 341 ] 



342 


H. S. W. Massey and C. B. 0. Mohr 

which has been observed* is only 1*3 %, for 79 kV electrons, reported by 
Dymond (1932). This is to be compared with the theoretical value of 8 % for 
this energy. Xo basis for throwing the blame for the discrepancy on the 
failure of the experiments to reproduce the conditions assumed in the theory 
can be found (Richter 1937). Thus Rose and Bethe (1939) have recently 
shown that multiple scattering effects could not produce nearly sufficient 
depolarization, while melastic collisions and electron exchange (Rose and 
Bethe 1939, Smith 1934) are quite mcapable of modifying the expected 
results. Added interest is now attached to this difficulty by the steadily 
increasing body of exiienmental results relating to collisions of electrons of 
a few mV energy with nuclei which reveal sinking discordance with theo¬ 
retical expectations based on Dirac’s theory (Champion 1939, Rose 1940). 

In view of this unsatisfactory position we have carried out an investiga¬ 
tion of the polarization effects to be expected in scattering by fields differing 
in form from the unscreened Coulomb type.f Detailed calculations have been 
made, over a wide energy range ( 100 - 160,000 eV), of the polarization to be 
expected in scattering by the self-consistent atomic fields of the gold, xenon 
and krypton atoms The results confirm the expectation that the introduc¬ 
tion of screemng does not modify the polarization to be expected at high 
energies (over 10,000 eV). At lower energies, however, it is found that for 
heavy atoms such as gold, large polarization may occur in narrow energy 
regions. An advantage of the use of screened fields in the calculations is 
that it is then necessary to evaluate separately the contnbutions from 
electrons with each quantized angular momentum, instead of using the 
summation method employed by Mott (1929) m dealing with unscreened 
fields. This separate analysis makes it easy to see what is effective in pro¬ 
ducing the polarization, and hence to suggest what alterations of field will 
effect given modifications therein In particular it is easy to show that 
reduction of the asymmetry to within the experimental limits would 
require most unlikely modifications of the field of force between electron 
and nucleus. 

Finally, we have examined in detail the polarization to be expected in 
scattering by a field which is at the op]M>8ite extreme from the Coulomb 
ty{>e, the spherical potential ‘well’. Exact solutions of Dirac’s equations 
may be obtained in this case and they have been used to derive a number of 
results of interest. 

* Kikuchi (1939) hat) observed an asymmetry for 76 okV electrons wluoh agrees 
with the theoretical, but, as he used thick targets, multiplosoattenngeffects would mask 
any real polan7.ation, and his asymmetry must bo ascribed to instrumental conditions. 

t A summary of the results has boon published m Nalurt, 146, 264 (1940). 
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The, polarization of dectrona by double scattering 

§1. GeNSHAL THKOBY 

Coiudder a beam of eleotrona incident in the direction LTi on a target 7 \ 
and scattered through an angle into the direction so as to fall on a 
second target T,. Then the number scattered by the second target in a 
direction making an angle 6 ^ with T’jT’, depends not only on 0 ^ but also on 
fi|, the angle the plane containing and the direction of scattering 
makes with the plane through LTyT^. If we confine our attention to the 
case where the number scattered from is proiMjrtional to 1 + ^cos^i,, 

where 

S=>D{0i)D{O,)IF{e,)F{dt). 

m =mg*{d)-f*(0)g(0y, F(d) = \m !«-(-1 g{0) j*. (1) 

Here/, g are certain functions of 0 and the electron energy determined by 
the potential of the scattering field and are such that the effective cross- 
section for scattering of an unpularized beam into the solid angle dto about 

{|/l* + |p|*}d6A (2) 

Mott (1929) has shown that / and g may be determined as follows. If K is 
the potential of the scattenng field, the radial parts ij, of the Dirac wave 
function for an electron of energy K, rest mass m, and orbital and total angular 
momentum quantum numbers I and I + \ resiiectively, satisfy the equations 

'^"[mc^Elc-Vlc)F,+^^J-G,=^0, j 

( 3 ) 

|:(mc-J 5 /c+F/c) 0 ,+^‘+^-^ = O.J 

The equations for the corresiionding functions F_i _i, for an electron 
with angular momentum quantum numbers 1 , 1 —i are obtained by replacing 
Iby -i -1 in( 3 ). 

If V tends to zero for large r faster than f'*, O, must have the asymptotic 
form 

0,~sinj^(|*-wv)‘r-|ijr + 7,j, (4) 

where is a phase constant do{)ending on E and V. Then in terms of 
m - ±2:{(i+l){l_e««) + l(i-e».»-«-.)}P,(oos^?), 
g{d) - ^r{c»'«-e»<»-»-.}P/(c08(9), 
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where ^ 

Partioular interest attaches to the case where ^ » 90 ° as doable scattering 
then gives the maximum asymmetry. In this case 

P,(co80) = 0, I odd; P^{coBd) = 0, 1 even 


-.{-ir- 


■Iz} 




I even. I odd. 

Using the formulae ( 1 ) and (6) 

\S\*^ 2 \AD-BC\I{A*+B* + C» + IP), 
where A, B, C, D are real numbers such that 


( 6 ) 


C + %D^iS,P^(0)wiXte-«*‘, I 

Xi “ Vf'V-t-v ' 

We note that the maximum value of | ^ )* is umty, occumng when A » ±D, 
B = ±C. The percentage asymmetry = 200 # and can thus be as large as 200 . 


§2. Application to atomic fiklds 

2-1. The fields need. Wo now consider in detail cases where the potential 
is that due to the neutral atoms of gold, xenon and krypton. 

The self-consistent field for gold has not been worked out, but one is 
available for mercury (Hartree, D. R and Hartree, W. 1935), and it is 
possible to obtain a good approximation to that for gold from this. The 
procedure adopted was to suppose the wave functions of individual electrons 
effectively the same in both atoms and modify the Z and Zp values for 
mercury by the removal of an outer electron and one unit of nuclear chaise. 

For krypton an approximate self-consistent field is available (Holtsmark 
1930) and one for xenon was obtained by interpolation between fields 
available for the heavier atoms 

2 - 2 . The differential equations. Having obtained the fields the evaluation 
of the functions / and g can be carried out by numerical determination of 
the phases To do this it was found convenient to transform the 

equations ( 3 ) as follows: 
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Eliminatiiig Fi gives 

where a — i(inc +JE/e —F/c), — ^(mc —J5/c+F/c). 

Putting Q, = a«ar,/r, 

ar;+^K»-)sr,-.o, 

. , _ l(l+l) l+loi’ 3a'* la' 

where + a "4^+2 a' 


( 8 ) 

(») 


The aaymptotio form of the solution of thin equation which vanishes at 
r = 0 is 

8in(iy— 

where i* = (E*/c* — m*c*)IK*. Numerical solution of (8) thus gives i;,. 

A similar procedure may be adopted for The phase difference 

between the 9 i and |_i solutions arises from the fact that the functions 
^1, ^-^-1 differ by (21+ l)a'/ra. The magnitude of the polarization therefore 
depends not only on the potential but also on the force and will be small 
when this force is small compared with r times the total energy. This will 
be referred to in more detail in § 2'3. 

In atomic units 


a = 7-»(l + e)+yZ,/r. /? = y-*(e-l)+7Zp/r;| 
a' = -yZlr*, x" = 2 y(Z-\rZ')lr», ) ^ 

where y = 27 Te*lhc = 137-2, e = Ejmc*. 

Following the usual nomenclature of self-consistent field theory Z, Zj, 
are the effective nuclear charges for field and potential respectively. 

2-3. Convergence, of aeries. The aeries A, B converge very slowly. The 
condition that the phases i/j, should be small for values of {> ig is that 

^Ulo{lo+l)lr\ 


for such values of r that At ~ 1,+J. 

'This is the usual criterion adopted in the calculation of collision cross- 
sections by the method of‘partial’ cross-sections (Mott and Massey 19330). 
Applied to gold it would indicate that for k = 100, the phaara are small for 
I > 10. This does not mean, however, that the contribution to A and B from 


VoL 177. A. 
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greater values of I is unimportant, for there is a strong oanoellation in sign 
between the successive terms of the series concerned and a large number of 
small phases make an important contribution. In fact for k =» 100 at least 
60 terms are required. 

The convergence of the series for C and I> is very much faster. The 2 th 
terms of these series contain sin(9,-iy_^_,) (= sm;^) as a factor and this 
becomes very small quite rapidly as I mcroases. To examine the reason for 
this we return to equation (8). This may be written 
MM 

^‘+{1^ + v(r) - 1 ( 1 + l)lr>-(l + 1) w(r)} = 0 (11) 

where 

i;(r) = 2Z,e/r + y«^/f*-|^* + 2j. «-(r) = y»Z/{(l+e)r» + y*r«Zp}. (12) 

Let 9 bo the proper solution of this equation mth w = 0 and which has 
asymptotic form ... ,, . 

Then if is small we have 

<9,~am{lcr-^ln+^,-(l+\)Q, 

~ sin {At - {In +%+%}, 

where g, = jfc-ij* w'^fdr ( 13 ) 

Hence to this approximation 

X« = ^|- 7 -/-i*=( 22 +l)&, ( 14 ) 

showing, as pointed out earher, how strongly the Xi and hence the polariza¬ 
tion depend on the force — Z/r*. 

This will be valid if the right-hand side of ( 13 ) is small compared with 
unity, so that the size of (22 -f-1) ^ can be used as a criterion for the smallness 
of the 2 th term in the series for C and D. Now w is only large for small values 
of r and with increasing 2, p, becomes smaller and smaller in this region owing 
to the presence of the term 2 ( 2 -f- l)/r* in the equation ( 11 ). Even for gold 
this term is always considerably greater than (22+ 1) w if 2 is > 1, so we can 
expect to be always small for 2 > 1 and to become negligible rapidly as 2 
increases. 

2 ' 4 . Results and discussion. The following procedure was adopted to 
calculate the percentage asymmetry P « 20 M. The phases 7 o* Vv V-a ‘“d in 
certain oases i;,, were calculated by accurate numerical integration 

of the equation (8) for a number of values of e. In this way the main 
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contribution to the seriee for O and D, which arises from and was 
obtained without approximation. To complete the calculation a number of 
the higher phases in each oaee was calculated by Jeffreys’ approximation 
(Mott and Massey 1933 6) aooordmg to which 

Vt = + ( 16 ) 

the lower limit of the integration being the outer aero of the integrand 
The accuracy of this approximation was confirmed by comparing results 
given by its use and by accurate numerical integration in a number of 
selected cases. Graphical interpolation was then used to obtain the remaining 
pliases. Summation of the scries for A and B was facilitated by observing 
that for large I the terms fall off effectively as m a geometrical progression 

This procedure gives results of sufficient accuracy for our purpose, as the 
quantities A and B of (7), containing so many terms, are not very sensitive 
to the exact values of the phases. The only further modification required 
is to estimate for gold the contribution from small terms involving x», etc., 
in C and D. These were evaluated by use of (13) and (15), as high accuracy 
in the separate evaluation of 17, and would bo necessary to obtain these 

small difference phases. 

In figure 1 a number of the phases and X/ illustrated for gold. For 
xenon and krypton the phase diagram is very similar except that all x 
except Xi are completely negligible. For energies between 60 and 60,000 eV. 

is practically constant at 0-06 radian for krypton and 0-14 radian for 
xenon. To save space the other phases for those atoms are not illustrated but 
are available fur communication to anyone who wishes to use them. For 
krypton the lower energy phases agree closely with those calculated by 
Holtsmark (1930). 

The minimum which occurs in the phases for gold at energies in the 
neighbourhood of 60,000 eV arises from the presence of the factor c multi¬ 
plying the Coulomb potential terra 2 Zj,/r which appears in the equations 
for 

Using these phases the percentage asymmetry 200# may bo calculated. 
Comparison of the results for gold with those obtained by Mott (1932) 
neglecting screening is illustrated in figure 2, showing that any failure to 
observe appreciable polarization for 79 ekV electrons cannot bo attributed 
to screening effects. 

For enetgies lower than those considered by Mott the effect of screening 
becomes veiy' marked. This may be seen by reference to table 1 which shows 
the variation with energy of the intensity I, =s(A*+B* + C*+D*)fi;*, oi 
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single scattering at 90®. The highly irregular variations, due to diffraction, 
which do not occur for an unscreened Coulomb field have interesting con¬ 
sequences. 



ia. 


Fioinus I. Phasofl for calculation of scattenng of electronti 
by the atomic field of gold 
Main figure illustrates values of = 171 + 17-1.1. 

Inset figure illustrates values of Xi = Vi~V-i~v 
Scale of inset figure is graduated in radians. 

The percentage asymmetry can be written 

200<y= 200|^C'-fiZ)|A*/^. (16) 

^Vhore I is small, as is the case for electrons with energies in the neighbour¬ 
hood of 600 and 120 eV for gold, we can except large values of 200d if C 
and D are not too small, i.e. if w oot too small. For gold, as w nearly 
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0*3 radian over a wide energy range, we can therefore expect large percentage 
asynunetriee for electrone with energies at which / is a wiiniTwnTn . Specimen 
yalnee obtained by an approximate sommation of the series concerned are 
given in table 1. Values obtained by more accurate summation, together 
with a detedled invesiagation of the angular distribution for single scattering, 
will be given by one of us (C. B. O. M.) in a later paper. In any case too much 
weight should not be attached to the exact numerical values obtained in the 
energy range concerned as they are very sensitive to the details of fonn 

electron kilovolts 



Figure 2. Percentage asymmetry in double scattering of electrons by gold. 

Full line, calculated with inclusion of screening. Dotted lino, calculated for 
an unscreened gold nucleus. 

and range of the atomic field. Nevertheless, the existence of the phenomenon 
follows simply from the fact that the function / has deep minima and the 
quantities C and D arc not both very small over the energy range concerned. 
The existence of the irregular vanation of / is in agreement with experiment 
as will be seen from table 1, where some experimental values of the scattering 
at 90° derived from Amot’s results for mercury (1930) are given. On the 
other hand, it does not always follow that the polarization is a maximum 
when the scattering is very small, as can be seen by reference to the case 
k = 6*25 of table 1. Here, although I issmall, AC- BDia much smaller still. 

Although the function I for scattering by xenon and krypton also shows 
minima, the value of Xi ie not latge enough in either case to give large 
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Table 1 . Illvstbatino scattbrino and polarization phenomena for 



THE GOLD ATOM 


Intensity of smgle 





aoattenng at 

90® X Jfc* for mer¬ 

Electron wave 

Electron 

Intensity of 

Percentage 

cury observed 

number k 

onerKy 

single scattering 

asymmetry 

by Amot ( 1930 ) 

(m atomic uiiitH) 

eV 

at90“xl:* 

2m 

arbitrary units 

30 

12,000 

6-5 

3-4 

— 

20 

6,000 

6-7 

7-4 

— 

17 

3,000 

7 3 

11 

— 

U 

2,050 

08 

21 

— 

12 

1,960 

02 

8-2 

— 

10 

1,350 

.3-2 

13 

-- 

05 

1,220 

2-4 

10 

— 

0 

1,100 

2-4 

2 

— 

8-5 

075 

3-9 

8 

— 

R 

806 

43 

13 

— 

— 

800 

— 

— 

10 

7 6 

700 

1-6 

38 

— 

7 

663 

0-26 

07 

— 

— 

610 

— 

-- 

22 

«-6 

570 

0 74 

31 

— 

0 26 

529 

0-26 

0 

— 

6 

487 

10 

1 

30 

65 

408 

166 

0 

— 

— 

379 

... 

— 

28 

5 

338 

28 

03 

— 

4-5 

273 

20 

0 

— 

4 

217 

8 

M 

— 

— 

207 

— 

— 

1-3 

— 

119 

— 

— 

00 

polarizations. The maximum value found is 

4 % for xenon and 2 % for 

krypton for electrons with energies in the neighbourhood of 600 eV. 

The possibility of detecting experimentally these low energy polarization 
effects for a heavy atom such as gold or mercury is of mtorest. Although it is 

an advantage 

to work with the lower energy electrons involved, the fact 

that large polarization is 

associated with small scattered intensity makes 

observation difficult. 




§ 3. Field modifications nbobssarv to reddob polarization 

The most direct way of reducing the polarization is to decrease the relative 
importance of the term w{r) involved in (11). This means a reduction of the 
gradient of the potential near the origin relative to the total potential. 
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For example, if, near the origin, the potential were changed from Ze^jr 
to Zt*{\ — e~^)lr the value of w would be much reduced for values of r < I /A. 
This, in turn, will greatly reduce the overlap int^^ral (13) determining Xi if 

(17) 

For when (17) is satisfied the function to of (11) is small even at the 
maximum of W,, As we have found that Xi u by far the most important phase 
difference it follows that, for k » 100 (corresponding to 121 ekV electrons), 
A must be of the order 100 atomic units appreciably to reduce the polariza¬ 
tion. 

To make this more precise the case A = 100 was investigated in detail 
using Jefireys’ approximation (16) A value of 0-12 radian was found for Xv 
This would lead, apart from changes in the less sensitive quantities A and 
.8 of (6), to about one-tenth of the polarization given by the unmodified field. 
Even this is just within the experimentally determined limit of 1-0 % for 
76 ekV electrons (Dymond 1934). Since A =• 100 involves field modifications 
at nuclear distances as great as 6x lO"*^ cm., the departure fix>m the 
Coulomb form would affect the orbits of K electrons and would be apparent 
in various ways. It can therefore be regarded as out of the question. 

An alternative possibility has been investigated by Rose (1940). He 
considers the effect of a very deep and very short range attraction This 
affects the p^ but not the pf wave and the phase difference Xi oan be made to 
approximate to n. As sin;^^ appears in the expressions for C and D this will 
greatly reduce the polarization. Rose found, however, that when the range 
and depth were adjusted to give small polarizations in this way, modifica¬ 
tions of the scattered intensity were introduced which wore not in agreement 
with experiment. 

It seems difficult therefore to account, on any theoretical grounds, for 
the absence of observed polanzation and it is very desirable that further 
experimental investigation of the matter be carried out. 


§4. PoLABIZATIOir BY OOUBI^B SC ATT BRING FROM A 
SFHBBICAL. POTBNTlAli WBLL 

For a scattering iiotential V defined by 

V » -Fq. V" = 0, r>ro (18) 

the behaviour of the phase differences Xi is marked contrast to the case 
of a Coulomb field, screened or unscreened. In the latter case only is 
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really important but for the spherical well potential, which represents a 
held of force which is infinitely large at the point r « r, and sero elsewhere, 
the Xt ^ small except for such values of I that the first maximum of 
0 i or (?_,_! falls near r = r,. This follows firom the fact that the Xi depend 
more on the force than the potential (see § 2*2). In other words, for the q>m 
orientation of the electron to be strongly affected its angular momentum 
must be such that it spends a relatively long time in the neighbourhood of 
the large force at r » rg. The detailed analysis is as follows. 

The general solutions of the equations 

otFi+dOfJdr--Of = 0, 

~/iO,+dFt/dr+~F, = 0, 

with a, fi constants, may be written 

This follows by use of the relation 

We may immediately use (20) to obtain the appropriate solutions for the 
potential (18) 

For r < fg in order that the functions should be finite at the origin, we have 
with 

F* = {mV + (^ + Fg)*)/AV, «'* = (^ + Fg - mc‘)liE +Fg+me*). 

For f > rg, Oi => CiJn.^ikr)+DiJ^^(kr)^ 

where A* = (m*c* + i?*)/XV, s* = (lP-mc*)/(^+mc*). (21) 

The asymptotic form of 0| is then given by 



where 


(?,~8in(lT-ilw+9,), 

tan7,-{-l)‘D,/Q. 
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To determine D,l€^ use ia made of the fact that Oj and F, must be oon- 
tinnous at r » r,, giving 

taniy, = (-!)*«,/*'<. 

where \ 

V, - a^,+i(h'r,) J_,_,(lTo)+eV,+,(i:'ro)^-/-*(*»-o) ) 

An exactly similar procedure may be followed to obtain The funda¬ 
mental solutions for 0 _,_i are as for O, but are of the form J±u-i) 

We find 

tan7_^_, = (- 

where u are as for Uj, v, with .4«+l) replaced by /td-p. By making 

use of the recurrence relation 

tan may be written in the alternative form 

tan^_,_, = (-!)<{«,-(21-H)(rft}/{»,+(21-hi) cry,}, 

where 

^"(Wo~8k''r}' = = i(^o)> (23) 

This brings out clearly the relation between the two sets of phases and shows 
that the quantity o- is the parameter which is important in determining the 
polarization effects. 

The phase differences ^ can be expressed in the form 
tan;^ = — (*>,)}*/£, 

where 

WJ (24) 

In deriving this result use has been made of the relation 

J,(x)J-j,+i(x)+Jj,.i{x)J_^{x) = 28iniwr/TO. 



364 H. S. W. Massey and C. B. 0. Mohr 

For values of we find, on substitution of the series expansion of the 
Bessel functions 

tanx,^7r(2l+ l)tr( 4 ifcro)“+«{r(I +*)}-•. ( 25 ) 

This falls off rapidly as I increases beyond Arg. 

Again, if Mibrg we may use the asymptotic expansions for the Bessel 
functions with argument Jbrg to give 

where 6 i = k'to -\ln. If cr is small this shows that X/ is also small in the range 
IkIctq. 

Since we have shown that, if tr is small, Xt is small for ikrg and also for 
I > jfcTg, it follows that Xi only l>e large when I ~ ifcrg. The polarization is 
then mainly determined by Xi, where Zg~irg. From ( 24 ) it follows that 
Xi, will vanish if vanishes. A necessary, but by no means sufficient, 

condition which must be satisfied in order that the polarization should not 
be very small is that •4,+)(^'*‘o) must not be nearly equal to 0, Ig being the 
nearest odd integer to Ictq. If this condition is satisfied the polarization may 
still be small for other reasons, i.e. the series A and B may be large compared 
with C and D. 

In contrast to the atomic field calculations an additional variation is 
imposed on C and D due to rapid variation of the important phase difference 
Xi with enei^gy. The energy regions over which the polarization is largo can 
therefore be expected to be more localized than for fields of Coulomb t3rpe. 

Numerical results and diacussion. It is difficult to decide which are the 
most appropriate values of and rg to choose for numerical mvestigation. 
To consider oases comparable with that of the gold atom calculations were 
carried out for such values of that 

|\*Kgdr = e*j%Z^dr, ( 27 ) 

with Zj, as for gold. This gives a relation between rg and Vq such that the 
‘total potential’ is the same as for the gold atom. The value of fg was then 
chosen, so the zero order phase i/g was nearly the same as for scattering by 
gold atoms in the energy range of interest. Besides this particular choice 
of Vq and fg other neighbouring valuM of r„ were used and also a potential 
of depth three times that given by ( 27 ). The results are given in table 2 . 
Cases (d), («), (/) refer to values of 1 ^ satisfying ( 27 ), the others to values of 
Vf one-third as large as given by ( 27 ). 
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Tablb 2. Polarization by scattbbino from a sphbrioal 

WBLL POTBNTIAL 


aeotron 


Zero 




wave 

Electron 

order 

As3mimotry 

Cntioal Bessel 

Percentage 

lumber 

enei^gy 

phase 

fiarameter 

functions 

asymmetry 





Ar, odd 


kxh, 

ekV 

i;, (radians) 

<r 

*^*'.+»i,*Toeven 

2006 



Case (a). F, : 

= 2-4 X 10* eV, 1 

= 0-08a, 


40 

21 

36-2 

0 36 

-0 03 

Very small 

80 

46 

38-4 

0-23 

+ 0-01, 


80 

81 

— 

0-17 

+ 0-06, -0-04 


100 

121 

36-4 

0-13, 

+ 0-11 

35 

110 

143 

— 

— 

+ 0-11 

103 

120 

168 

34-6 

0-11 

+ 0 11 

10 



Case (6). K* 

= 3 X 10» oV, r^ 

, = O-lOa, 


30 

12 

14-8 

— 

+ 0 08, 

1 

40 

21 

— 

— 

-0 18, +0 14 

24 

80 

33 

13 3 

0-04, 

-0-19 

104 

60 

46 

— 

— 

+ 0 08, -0 15 

11 

70 

63 

11 0 

0-03, 

-001, 

8 

80 

81 

_ 

— 

+ 0-17,, -0-12 

112 

90 

100 

— 

— 

+0-17 

63 

100 

121 

IM 

0-02, 

+ 0-10, +0-03 

6 



Ciwe(c) K, 

= 3-7 X 1(H eV, 1 

r, = 0-20a, 


36 

16 

— 

0-005i 

-0-21 

1-6 

60 

33 

618 

0 003, 

+ 0-18, -0-17 

2-3 

70 

63 

4 16 

0 002, 

+ 0-26, +0-64 

1 6 

60 

100 

304 

0 001, 

+ 0 22, +0 19 

1-0 

110 

143 

3 02 

0 001, 

+ 021, +0-19 

1-0 



CaH4'((i). F, 

= M X 10* eV, r, = 0-20a, 


25 

84 

14-40 

0-020 

0 069 

1 0 

40 

21 

12-9, 

0-012 

0-03. -0 13 

03 

50 

33 

12-0 

0 010 

0-15, -0 08 

38 



Case (e). F# = 

= 3-3 X 10* oV, r 

, = 0-30o, 


16| 

3-6 

11-2 

0 006 

0-067, -0-16 

Very small 

33} 

16 

8-3 

0-005 

-0 21, +003 


46f 

28 6 

7-2 

0-004 

-0-06, -0-17 

14-0 



CaseCy). V, 

= 1-4 X 10* eV, 

r, = 0-40a, 


12-6 

2 

8 8 

0 0020 

-0-18 

Very small 

22-5 

4 

6-9 

0-0013 

-0-22 

1 6 

36 

16 

6-0 

0-0009 

+ 0-20. -0-09 

13 

46 

27 

4-0 

0-0007 

+ 0-23, +0-09 

1 
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To indicate the factors which are important in determining the polariza¬ 
tion for the spherical well potential we have included in the table values of 
the asymmetry parameter defined in (23) and of the ‘critical’ Bessel 
functions in each case. These are defined as follows. It was shown above that 
the only considerable phase differences which occur are those for which I is 
close to iTg. As we have restricted numerical calculations to integral values 
of hr^ and as only odd I values arise in considering asymmetry due to double 
scattering at 90°, the most important phase differences will be those for 
which 1 = iErg ± 1 for Irg even and that for which 1 = iTg if iTg is odd. In 
order that these phase differences and hence the asymmetry should not be 
small, both <r and the Bessel functions (see (24)) for the appropriate 

I values must not be too small. Hence, if kr^, = lt,ia even the functions 
^ “ odd, J^+|{jfc'rg) play a critical role. These are 
the functions given in the fifth column of table 2. 

A study of the table now shows how strongly the asymmetry depends on 
(T and the critical Bessel functions. In cases (a), (6) and (d), <r is large enough 
to give almost complete polarization if the critical functions are near their 
maximum values. We find also rapid alternations of 200d as the electron 
energy changes, due to the alternations in the values of the functions. In 
oases (c), (e) and (/), on the other hand, cr is so small that appreciable polar¬ 
ization only arises when the quantities A and B of (7) happen to be small 
together. This is so in case (e) for k = 46}. When a is very small as in (e), (e) 
and (/) the dependence on the critical Bessel functions is not very marked as 
the polarization is so small then under any conditions that the contribution 
from the regions of Z : 2 : Ig does not dominate the quantities C and D so strongly. 

It is of interest to note that, for values of V„ and fg which give zero order 
phases ^g comparable with those given by the atomic field (cases (c) and one 
intermediate between (e) and (/)), the polarization is rarely large, the maxi¬ 
mum being of the same order (20%)a8 for gold in the energy range concerned. 
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^-ray spectra of light elements 

By a. a. Townsbnd, M.So.* 

Emmanuel College, Cambridge 

(Communicated by J. D. Cockcroft, F.R.8.—Received 30 June 1940) 

A magnotio speotoometer hsa been naetl to investigate the P-rny spootra 
of some elements of low atomic number. It is found that all the spootra 
follow the Pomu distribution law for a certain range from the high energy 
end-point, the range over which this is true is much greater if the maximum 
energy is large. The end-points found are- C‘* 0 08110 005 Me V, 

I 218 ± 0 004 MeV, Mn*« 2-88 ± 0 01 and 1-036 ± 0-016 MeV, Cu*« (positrons) 
0-649 1 0-004 MeV, Cu‘* (nogatrons) 0-574 1 0-004 MeV, Zn« 2-320 1 0 006 
MoV. 

Inteodvction 

The production of artificial radioactive elements in quantities of order 
0-01 mC makes possible the use of a mt^etic spectrometer for the investi¬ 
gation of ^-ray energy spectra. The method has considerable advantages in 
sjieed and accuracy over cloud-chamber measurements, and spectrometers 
of good resolution can be tised with sources of this magnitude. The present 
experiments have been carried out with a spectrometer of conventional 
design, intended for use with short penod sources (of half-life greater than 
6 min.). No extraordinary precautions have been taken to avoid scattering 
and absorption of those electrons whoso energies lie below 1(X) ekV, but the 
spectra are thought to be accurate within twice the statistical error as 
shown on the diagrams 

The elements which have been investigated are N'*, Mn“, and the 
longer-lived products of the deuteron bombardment of copper, i.e. Cu** 
and Zn**. These comprise four positron emitters and two negatron emitters. 


* Exhibition of 1851 Scholar. 
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Apparatus 

The speotrometer ia shown in sketch in figure 1. The source and counter 
slits are each 2 cm. long and 2 mm. wide. With a radius of curvature of 
8 cm. the total resolution is ccdculated to be 3*1 %, a value confirmed by 
measurements on conversion lines in the ThC" spectrum. 

The counter is out from a solid brass block and is 1*6 cm. in diameter 
and 2*6 cm. long. The entry slit is covered by a mica window, 1*6 mg. om.~* 
thick. It is filled with a mixture of argon and alcohol, and is of the self¬ 
extinguishing ty(X). The natural effect is about eight counts per minute. 



The counts were recorded on a fast counting meter whose resolution time 
was of order 0*004 sec. Measurements of loss duo to finite resolution of the 
meter wore made and corrections applied. 

The }X)lc-pieceB of the electromagnet measure 24 by 16 cm., and the 
field is uniform within 2 % over the area employed in the spectrometer. 
The field strength is measured as a multiple of known y-ray conversion 
Imes, so that a slight non-uniformity of field does not affect the accuracy 
of the measurements. To measure the field a small flip coil between the 
pole-faces is reversed and the throw produced in a ballistic galvanometer 
is measured. This throw is compared with an approximately equal one 
mewle by reversing a known current flowing in the primary of a mutual 
inductance, the secondary of which is in series with the flip coil. In this 
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way the linearity of the galvanometer deflexion need not be aaeumed. For 
fields of order 400 G the accuracy of reading is about 0*1 % and the error is 
estimated as under 0*3 %. The relative accuracy of field measurements is 
better. 

The radioactive source is inserted by means of a plug in the vacuum 
box, after which the box can be exhausted. Apart from time taken in the 
preparation of the source, a count may be started 30 sec. after the start of 
the experiment. A shutter is used to obtain blank counts so that y-ray 
effects can be eliminated. 

With the exception of copper, all the sources were in the form of fine 
powder which was mounted on thin mica, using a weak solution of nail 
polish for adhesive. The copper was used in the form of foil. 


Rksults 

Corrections are applied to the counting rates for decay of the source 
and absorption of the /7-rays in the counter window. The ordinates of the 
momentum distnbution diagram are obtained by dividing these values by 
the corresponding Hp values. Momentum distributions for the elements 
listed above are plotted in figures 2-7. As insets on those diagrams are 
shown the Fenni ( 1934 ) }»lot 8 of the distributions. Since the atomic numbers 
concerned are low, this c^in be done by plotting (A^//)* against ^(1 + 7 *), 
where 


Ndij is the number of jiarticles with momenta between tf and n + dif. 



"“is? f) ’ 

Z = atomic number, 

ij = momentum in units of ra(' = 


No Konopinski-Uhlenbeck ( 1935 ) plots have been made, as they appear to 
have no significance for these elements. 


Carbon. T^ = 20*6 min. 

This was prepared by the reaction {d; n) C^*, using 960 kV deuterons. 
The boron powder was scraped off the copper target head and mounted as 
described above. Owing to the contammation, no counts were maKie 
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for about 20 min. after irradiation, and measurements in the nmghbour- 
hood of the end-point were postponed longer. The end-point is Hp 4660 ± 20 
(0-981 ± 0-006 MeV). As might be expected, this u considerably lower 
than the values obtained from olond-ohamber work, but is in reasonable 
agreement with a result obtained by Moore ( 1940 ) using the absorption 
method, i.e. 1-03 ±0-03 MeV. The form of the spectnun appears simple, 



and the Fermi plot shows no sign of an intense second component. The plot 
is not straight but curved upwards slightly. This curvature appears to be 
due to failure of the Fermi distribution rather than to a weak softer com¬ 
ponent. This conclusion is confirmed by work on the annihilation radiation 
of C“ carried out in this laboratory by Ward ( 1940 ). He finds no sign of any 
nuclear y-rays. 

Nitrogen. N“, = 9-96 min. 

This is prepared in a similar way, using the reaction C^* (d, n) N“ on soot 
targets. The end-point is Hp 6600 ±16 (1-218 ± 0-004 MeV). This figure may 
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be oompored with l'198±O‘OO0MeV obtained by Lyman ( 1939 a) and 
1*24 ± 0-03 MeV obtained by Moore ( 1940 ). The general form of the Fermi 
plot is similar to that of and the same oonolusion oould be drawn that 
there is only a single component. On the other hand, Richardson ( 1939 ) 
has reported the presence of a y-ray of energy 280 ekV in intensity 0*4 



quantum i>er disintegration, and Lyman ( 1939 &) finds a y-y coincidence rate 
for N^*, implying a y-ray in intensity 0*26 quantum jier disintegration. 
This does not agree with direct absorption measurements of Ward ( 1940 ), 
indicating that there is not more than 6 % of radiation of this energy. If 
it is assumed that the form of a /?-ray spectrum does not vary erratically 
with nuclear constitution in this region, then it can be stated from the 
/?-ray evidence that the contribution of a softer component to the observed 
spectrum is certainly less than 10 % and probably less than 6 %. It is 


VoJ. 177. A. 


*3 
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true that the assumption that the Fermi distribution is correct will result 
in a larger intensity for the soft component, but no experimental support for 
this assumption exists in the present results. 

Manganese. Mn*«, = 2-66 hr. 

The radiomanganese is produced in the cyclotron, using the reaction 
Mn** (d; p) Mn^*, and both manganese and manganese dioxide were used as 
targets The spectrum is obviously complex, and it is easily possible to 



separate the components using the Fermi plot. This analysis is not critically 
dependent on the validity of the Fermi distribution, but internal evidence 
justifies its assumption for the range above Hp 4000. The two end-points 
come out at Hp 11170 ±36 ( 2-88 ± 0-01 MeV) and Hp 4860 ±60 (1-036 
± 0-015 MeV). Using a cloud chamber Brown and Mitchell ( 1936 ) obtained 
2-9 and 1-2 MeV, while Dunworth ( 1939 ), using the absorption method. 
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obtained 2-8 and 1-1 MeV. A strong y-ray of energy 1-86 ± 0-026 MeV is 
expected. Curran, Dee and Strothers ( 1940 ) have shown by direct measure¬ 
ment in a y-ray spectrometer that y-raysof energy 0-91 and 2-03 MeV are 
emitted. 


Copper. Cu“, - 10-6 hr.; Zn“, = 39 min. 

Ou** is prepared by the reaction Cu“ (d, p) Cu“ in the cyclotron. It is 
an example of /?-ray branching and two spectra are plotted. The positron 
spectrum has an end-jraint at Hp 3480 ± 16 (0-649 ± 0-004 MeV) and that 



of the negatron spectrum is Up 3184 ± 16 (0-674 ± 0-004 MeV). For the 
same spectra, Tyler ( 1939 ) has given the values 0-659 ± 0-003 and 0-678 
± 0-003 MeV in good agreement. In a detailed comparison the two spectra 
are seen to be of differing degrees of asymmetry, presumably due to the 
opposite effects of the atomic field on the two spectra. 

In the preparation of Cu**, a short-lived positron activity is produced, 
prepared by the reaction Cu“ (rf; 2 n) Zn**. The spectrum was studied in 
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the course of the experiment and the end-point is Hp 9260 ±20 (2*320 
± 0-006 MeV). The Fermi plot is strongly curved and a y-ray of energy 
around 1-6 MeV would be expected. 


DiscuaaioN 

Comparing these results with those obtained using natural radioactive 
elements, attention is drawn to the comparatively large range over which 
the Fermi distribution is correct. This is outstanding in the case of Mn“ 
for which the Fermi plot is a straight line from Hp 11170 to 6000. Spectra 
of lower maximum energies show divergences from the theoretical distri¬ 
bution closer to the end-point, but still the range of validity of the Fermi 
expression is much greater them for elements such as RaE and RaE 
have approximately the same end-points, but whereas the spectrum of the 
latter deviates from theory below Up 4600 (see for example, Flammersfeld 
1939 ), that of the former shows no deviation at Hp 3600, though such a 
deviation would be expected if the reports of y-rays from N** were correct. 
Among the elements investigated, it is also remarkable that these de¬ 
viations are more serious if the end-point is low. In illustration, excepting 
Zn«*, the spectrum of which is probably complex, the Fermi plots of the 
two spectra of Cu“ show by far the greatest deviation from the straight 
line, and it is just these spectra which have the lowest end-points It is 
unlikely that these features are incorrect, for they appear in most recent 
work on light elements (e.g. Tyler and Lyman) and the features of the 
y?-ray spectrum of RaE are now known with reasonable precision. The con¬ 
clusion is drawn that a positive deviation from the Fermi distribution exists 
at the low-energy end of the spectrum, becoming more serious as the atomic 
number is increased or the maximum energy reduced. In all cases there is 
a small region where the Fermi plot is a straight line. 

A useful corollary of this result is that it is possible to make extrapolations 
of the end-points, provided that the range of energy considered b a small 
fraction of the total eneigy of the transition. This avoids troublesome and 
rather vague corrections to the observed curves m order to allow for the 
finite resolution of the spectrometer. 

The radioactive sources used in these experiments were prepared in the 
Cavendbh High Voltage and Cyclotron Laboratories, and I am indebted 
to the workers in these laboratories for their assbtance. I also wbh to thank 
Prof. J. D. Cockcroft and Mr P. 1. Dee for their interest and advice. 



366 


A. A. Townsend 


For the duration of this work, I held an Overseas Scholarship of the Com¬ 
missioners for the Exhibition of 1861, and an external research scholarship 
from Emmanuel College. 
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Wind tunnol correction for a circular open jot tunnel 
with a reflexion plate 

By B Davison and L . Rosenhead, D.Sc. 

{Communicated by J Provulman, PR.S —Received It) Jtdy 1940) 

It IS advantag(«ms from many jwints of view to muko tost models os 
largo as possible. One in(<tho<l of <loing this is to measuro the characteristics 
of half the model in oxisting wind tunnels One half of the aerofoil is 
mounted honzontally on a vi'rtical reflexion plate and the plate is plaeod 
in n suitable position m an u|ien jet which, in the undisturbed state, is of 
circular section. The contour of the jet is flistorted, especially with models 
of large semi-s]>an, but this distortion is nogloctod ui the analysis The 
corriH'ting factor iissociaUHi with ‘umfonn’ distribution of lift is workwl 
out exactly and that associated with ‘elliptic’ distribution approximately. 

The effect of the induced downwasb on the distribution of lift is ignored 
The results are given in siiitubln tables and figures. 

Throughout the working range of normal experiments the correctmg 
factor IS of the same order of magnitude os that obtauiing when a full model 
IS testiH:! in a jet of circular section. 

1. Tub conformal transformation 
The characteristics of aerofoils are deduced from experiments made in 
wind tunnels. It is therefore necessary to calculate the amounts by which 
lift and drag, when measured in a tunnel, differ from their values when 




Wind tunnel correction 


367 


measured in air at the same angle of inoidenoe. Alternatively, it suffioea 
to know the amoimt by which the inoidenoe must be corrected in order to 
give the same value of the lift coefficient in iiee air. The basic theory for 
the calculation of this ‘wind-tunnel correction * is well known. The original 
theory is due to Prandtl ( 1919 ), but it has been developed extensively by 
other investigators, notably Glauert ( 1930 , 1933 ). Prandtl shows that the 
downwash at any point on the aerofoil is half that at a corresponding point 
far downstream, where the problem may be transformed into a two- 
dimensional one If ^ and rjr are the velocity ^lotential and stream function 
in this region then Prandtl also shows that 

(i) if the measurements are made in a tunnel of open working section, 
that is in a jet, then ^ must be constant over the boundary of the cross- 
section of the jet; 

(ii) if the measurements are made in a closed tunnel then ^ must be 
constant over the boundary of the cross-section of the tunnel. 

If the shape of the cross-section of the jet or tunnel is known, the above 
conditions can usually be satisfied by the introduction of appropriate image 
vortices. These image vortices, when taken together with the vortices 
existing in the wake behind the aerofoil, must satisfy the conditions pre¬ 
scribed by (i) and (u). If the circulation round the aerofoil at a distance x 
along the span from the middle of tho aerofoil is K{x), then the strength of 
the trailing vortex which extends downstream between x and x-\-ix is 
— (dK(dx)dx. The image vortices produce a downwash which vanes along 
the span of the aerofoil in the tunnel and so change the effective angle of 
incidetKo of the aerofoil. This interference is the induced effect of tho tunnel 
and produces the difference which necessitates the wind tunnel correction 

In modem practice the test model is made as large as possible. It is fairly 
usual too, in such cases, to divide the aerofoil into two sections each of 
length equal to half the original span. One half of tho aerofoil is then 
mounted horizontally on a vortical partition and the characteristics of half 
of the original aerofoil are measured in an open jet which in the undisturbed 
state is of circular section. The state of affairs is represented snhematii»illy 
in figure 1 a. llio geometric centre of a cross-section of the jet is C. The radius 
of the undisturbed jet is a The vortical partition is at a distance c from C 
where a* — -I- c*, so that the length AB\s equal to 26. ^ must be constant 

along AB and ^ must be constant along the circular arc AXB. If we intro¬ 
duce the imago of tho system with respect to A .8 we obtain the scheme shown 
m figure 16 , and the condition ^ is constant along A .8 is satisfied automatic¬ 
ally. We need, therefore, only seek a system which makes ^ constant along 
the extended contour AXBX’A, which consists of two symmetrically 
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situated circular arcs. The region within this contour can be mapped con¬ 
formally on the region within the circle | ^| »■ 1 in a ^-plane by the trans¬ 
formation . . 

f+» \ 

or expressed in another form 




( 1 ) 


tan“*f = ntan“‘|^ 



where n = ?r/2(7r—A) 

* = *+*y, ? = €+»>. I .g. 

6 =:asinA, c = ooosA./ 

The axes of co-ordinate are defined in figure 2 and the transformation is 
defined by the relations 


= 7r>#i>-7r, 

{;+» = 7r>^,>-v, 

z-ib = -n, 

z+»6 - TT > 0, > - jT, 


r, - {a:*-Ky-|-6)*}*. 
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2. UNIVOBM DI8TSIBUTIOM OV LUTT 

A solution for uniform loading has been given by K. Kondo ( 1935 ). The 
following treatment is inserted principally because it leads up to the more 
important case of elliptic distribution of lift described in § 3, and secondarily 
because the treatment differs from that given by Kondo 
The point in the ^-plane which corresponds to (a;, 0 ) of the z-plane is 
(fi. 0) where g :« tan {»tan-^ (xja sin A)}, ( 3 ) 

and if there is a vortex of strength K bAx^ there will be a vortex of equal 
strength at If we assume a uniform distribution of lift over an aerofoil 
of span 2 « in the extended z-plane (see figure 2 a) then there are vortices of 
strength ± K springing downstream from the wing tips x ^ ±8. There will 
therefore be vortices of strength ± at the points g ± where 

Sj = tan (n tan“^ («/o sin A)}. (4) 

In experiment the quantity eja (» cos A) can be measured without much 
trouble, and for this reason cja is chosen as the parameter in table 1 instead 
of A. In this table | is given for different values of xja and e/a, and from it 
Si can be read off corresponding to different values of s/a and c/a. The column 
cja s I’O needs a little explanation. It gives the value to which i tends as 
cja tends to 1 - 0 . For example, if cja - 1 - Je*, where e is very small, then 


(i) when xja is very small, g 

(ii) when xja is ‘reasonably large’, f = 1 ~ 

(in) when xja is equal to 2 — £ = 1 . 

The complex potential due to the vortices ± A at g = + is 



The complex potential duo to the image vortices which must be superposed 
on Wi m order to make <f) constant over the circle ] ^ j = I is 





(«) 


This can easily be verified for the singularities of lie outside the circle 
1 , and further, on putting ^ = e" it can be seen that and ace 
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TaBLK 1. VaLUBS of i FOR DIFFBRENT VALUES OF xja AND C/a 

(The column c/a = 1 0 must be mterpreted as givmg 
the limit to which f tcmLi a<4 c/a tendu to 1 0.) 

c/a... 0 0 0 1 0-2 0 3 0-4 0 6 06 0-7 0-8 0-9 l-O 

^1^ i I i i i I i I I I i 

0 0 0 000 0 000 0 000 0-000 0 000 0 000 onoo 0 000 0-000 0 000 0 000 

0-1 0 100 0 095 0-091 0 088 0 086 0-086 0 088 0 093 0 104 0 133 1 000 

0 2 0-200 0-189 0 180 0-176 0 172 0-172 0-176 0-186 0 206 0-266 1 000 

0 3 0-300 0 282 0 270 0 261 0 266 0 255 0-260 0-273 0 300 0-368 1-000 

0 4 0-400 0 376 0.358 0 345 0-338 0 336 0-341 0 366 0-388 0-463 1 000 

0 6 0 6(8) 0-408 0 445 0 428 0 418 0 414 0 419 0 433 0 470 0-644 1 000 

0 6 0-600 0-659 0-530 0 608 0-494 0 489 ' 0 49i 0 505 0 538 0-613 1-000 

0-7 0-7(H) 0-050 0 613 0 586 0 508 0 659 0 559 0 571 0 603 0 673 1-000 

0 8 0 800 0 739 0 695 0-662 0 639 0 626 0 623 0 632 0 660 0 723 1 000 

0-9 0 900 0 827 0 774 0 736 0 707 0 689 0 682 0 688 0 711 0-766 1 000 

1-0 1 000 0 914 0 851 0 805 0 771 0 749 0 738 0-740 0 757 0 804 1-000 

M -- 1000 0 927 0 872 0 832 0 806 0 790 0 785 0 799 0 837 1 000 

12 - — l(M)0 0 938 0 891 0 868 0 838 0 829 0 836 0-866 1 000 

1-3 — - 1000 0 947 0 908 0 883 0 869 0 870 0-892 1-000 

1-4 _ - _ |.000 0 956 0 923 0 906 0 901 0-914 1-000 

15 — - — — 10(M) 0 963 0 039 0 929 0 935 1 000 

1 6 - — — — — — 1 000 0 971 0 965 0 954 1 000 

1-7 — ] imM) 0-978 0971 1 (H)0 

18 — - — _ — — 10(H) 0 986 1 000 

1- 9 — ----- — , 1 000 1-000 

2- 0 - — _ _ .. — 1(K)0 

cunjugate complex numbers, so that the real part of (WJ -f WJ) is zero on the 
circle | ^ | 1. (HJ + WJ) is the complex potential of the flow in the z-plane. 

If there had been no jet the disturbance would have been created by the 
two vortices of strengths + K springing from the points 2 = ± «, and the 
ajipropriate complex jiotential would have been 



The disturbance induced by the boundaries of the jet is therefore the 
velocity field associated with the complex potential 

W^W^ + W^-W^. ( 8 ) 

The downwash at (a:, 0) on the aerofoil due to the constraint of the jet 
boundary is 



( 9 ) 
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If we assume as a first approximation that the downwash across the span 
is approximately the same as that at the centre of the complete aerofoil we 
can say that the downwash is everywhere equal to 

If V is the speed of the undisturbed jet then the effect of the downwash is 
to tilt the stream downwards through an angle wjV so as to diminish the 
angle of incidence and incline the lift force backwards through the same 
anf^le. If we make use of the equations 

L = \pV*S = 2spVK. (1 (») 

where L is the total lift, p the density of the air and S is the span multiplieil 
by the mean chord, the existing theory can bo summarized as follows. If a, 
(and Cj) are the measured values of the incidence, lift coefficient and drag 
coefficient in the wind tunnel, then the true values, in free air, of the in¬ 
cidence and drag coefficient at the measured value of Cj^ are a + da and 
Cjf + AUjj, where 

= = ( 11 ) 

C is equal to na*, the area of cross-section of the undisturbed jet, and S is 
the correcting factor associated with the tunnel 
For clarity we shall introduce two symbols, and dg, which are the 
correcting factors based on the assumptions of ‘uniform’ and ‘elliptic’ 
distributions of lift over the complete aerofoil in the extended z-plane. If 
we make use of equations (9) and (11) wo find that, with the aiiproximations 
made. 

It is clear from this formula that as A-^0, i.e. c/«->-1, the value of —6^ 
approaches infinity whatever the value of aja. Further, at any fixed value 
of A, the greatest value of a [a is 1 -I- cos A and the corresponding value of Sfr is 

1 r2»(l h-cosA) —sinA”! 

SsinAL (H-cosA)* J’ 

Finally, when A = \‘rr\i can be seen that = —0-125 in agreement with the 
well-known approximate result for the correction associated with a circular 
jet. 
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We hare approximated by aaauming that the downwash is everywhere 
equal to that at z s 0. It is poadble, however, to take aooount of the varia¬ 
tion of induced downwash across the span. The correction then is 




where 

dL^pVKdx and L = 2spVK. 


Hence 






since dz ■■ 

= dx along the x-axia. Hence 




(13) 

Now 



and 






after some manipulation. Making use of the relation W = Wy + W^- 
obtain quite easily 

Wg we 



(14) 

where 

and 

„ 1 0*. pi *1 /asinA a \~l 

16 j* ”®|_ 7 i !+«*( a ^asinA/J’, 

(16) 

It should be noted that when («/aslnA) is small 



p , ■ (>-»*) ' 

8 ain*A’ 24 sm*A ’ J 

(16) 

and 


(17) 
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Formula (17) holds, with good accuracy, over a wide range of the region in 
which experiments are usually made. 

It is clear from (14) that as c/a-*-1 the value of -iu tends to infinity 
(see equation (3 a)) whatever the value of s/a, and that for any fixed value of 
A the value of -ij; tends to infinity as «/a approaches its greatest value 
(1 + 008 A). Further, when A ■» in it can be seen that 






1 

6 a*^ 


(18) 


in agreement with the well-known result for a circular jet. Values of -S„ 
are given in table 2 and are illustrated diagrammatically in figure 3. 




Table 2. Values of - 9 ^ for different values of a fa and cja 


0 (> 01 


0-2 0 3 0 4 06 


06 0 7 


U-S 0 0 


S/O-+0 0 126 o-in 

0 1 0 126 0 117 

0-2 0 126 0 117 

0 3 0 126 0 116 

0 4 0 126 0 116 

0-5 012U 0116 

0 6 0 131 0-116 

0-7 0 137 0-119 

0-8 0 148 0-124 

0 0 0 174 0-132 

1 0 00 0 154 

1-1 — 00 

1-2 — — 

1 3 - — 

1.4 ... _ 

1-6 
1-6 

1-7 — 

1-8 

1-9 — — 

20 — — 


0-111 0 110 

0-111 0-110 

0 111 0109 

0-109 0 108 

0109 0-107 

0 108 0-106 

0-108 0104 

0-108 0 102 

0-110 0102 

0-114 0 104 

0-121 0 106 

0-139 0 112 

00 0-128 


O-lll 0 118 
0 111 0 118 

0 110 0117 

0-108 0116 
0 107 0-111 

0 104 0 108 

0-102 0-106 
0-100 0-103 

0 099 0 100 

0 099 0-098 

0 099 0 097 

0 100 0 096 

0 106 0 096 

0118 O-lOl 
00 0112 
00 


0 129 0 155 

0 129 0 163 

0 128 0 150 

0 126 0-146 

0-120 0 140 

0-116 0-133 

0111 0-127 

0-107 0 121 

0-103 0-116 

0 099 0-109 

0-096 0 105 

0-096 0-100 

0 094 0 090 

0 094 0 096 

0 097 0 094 

0 106 0-096 

CO 0-103 


0-207 0 368 

0-202 0 369 

0-198 0 334 

0-189 0 306 

0-180 0-274 

0-169 0 246 

0-167 0 219 

0-148 0 198 

0-138 0 178 

0-128 0-162 

0 119 0 148 

0-111 0 134 

0-106 0 126 

0-102 0-118 

0-098 0 112 

0 096 0 107 

0 097 0106 

0103 0104 

00 0 108 

W 


In tabulating separate tables were made otA and B m order to facilitate 
the numerical evaluation which has to be made in § 3. These tables are not 
here reproduced. The work involved was rather laborious and use was made 
of graphical interpolation. 
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3. Approximation to thb elliptic distribution op ijft 

We here investigate the correcting factor dg when the distribution of 
circulation over the complete aerofoil in the extended z-plane is of the 
elliptic form, that is 

(19) 

If in this formula we put 


X = a sin A tan tan-^ , a = osinAtanQtan-^«ij, 
we see that the distribution of circulation in the ^-plane is 
K(i) = K^F(^) 


m)- 


I tan* (»~* tan"^ g) | * 

( tan*(n-^tan-*«,)j ’ 




( 20 ) 


(20 a) 


For small values of we can approximate by putting tan (n“‘ tan' ^ «i) equal 
to a^jn, so that 


m 


-S’ 


( 21 ) 


and the distribution is also elliptic. The limiting case, A = corresponding 
to n = 1, is elliptic for all values of The other limiting case, A->-0, corre¬ 
sponding to n ->■}, shows that F(i) -► 1, so that the circulation in the trans¬ 
formed plane tends towards the ‘uniform distribution’. For intermediate 
values of A the form of F{i) shows a systematic change Irom the elliptic to 
the uniform type. The distribution is symmetrical with respect to ^ 0 and 

falls to zero at g = ± a^. 

In a manner similar to that employed in § 2 the downwash, w{x), at any 
point on the aerofoil can be spht up into three parts by the relation 


w 




( 22 ) 


where (i) Wx component duo to the trailing vortices in tlie ^-plane and 
is given by the relation 


u’i(a;) 


1 f- gx dK 
2ndx]oi\-^di, 


di,. 


(23) 
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(ii) w, is the component due to the image vortices in the ^-plane and is 
given by the relation 


«’»(*) 


± f 1± 

■2jr3a;Jo(l-, 








(24) 


(ili) Wj is the downwash which would have existed in the absence of the 
jet and is given by the equation 

It should be noted that in these equations iC(Xi) is equal to as 

these expressions denote the circulation round corresponding sections in 
the z- and ^-planes. 

If the distribution in the z-plane is ‘elliptic' it can be shown that to^{x) 
is constant along the span, and in fact that 


«>,(*) = Kol4a. (26) 

When cja = 0 , then, as might have been expected, Wy(x) = u>8(*)- At other 
values of eja the distribution in the g-plane is also elliptic when sja is small. 
In this range it can bo shown that 


M.’i(x) = K^IAh (26o) 

to a first order of approximation. The contributions to -Su arising from 
terms corresponding to u;, and (w^ — w,) were A and B. In the whole of the 
working range B was foimd to be less than A. Only as c/o became close to 
unity did B increase to a non-negligible fraction of i4. If the corresponding 
contributions to - are .dj and 5^ then it is found, after some manipulation, 
that when aja is small 

^ 24 sin*A' 


This limiting value is identical with the corresponding one associated with 
B (cf. equation (16)). Crude numerical estimatee lead one to believe that 
B and Bi are of the same order of mi^nitude throughout the whole working 
range, and we therefore approximate to the actual problem by assuming 
that B^ can be put equal to ^ in the analysis. 

The total lift on the complete aerofoil is 

L = pvj K{pe)dx = ^napVKo. ( 27 ) 
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The total increase in drag due to the induced downwash is 

The effect of the downwash is therefore to decrease the effective angle of 
incidence by 

and the correction which must be applied to the wind-tunnel result is 

= ~X J-, f 


It can bo shown that 




= J’’J*‘ (1 + 3€*g! + + 7^*|?+...) m) 


-- 11 + 311+5Il+...{2p + l) I*+ ..., 


4 = 


Exact values of Ip cannot be obtained except by lengthy and laborious 
numerical calculations. Approximate results can, however, be obtained 
fairly quickly. These results have been combined to produce table 3 and 
figure 4. The column headed cja = 0-0 is exact, as are also the rows up to 
about sja = 0-5. The remaining part of the table was deduced by making 
suitable approximations, by evaluating some special values exactly, and 
by graphical interpolation. It is hoped that accurate values of 4 will soon 
be available, but it is not anticipated that the values will differ considerably 
from those given in table 3. 


VoLiTf 
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FiGdHB 4. Graplia of — Sg 
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Tablb 3. Values of -ig fob diffsbent values of «/a akd c/a 


0-0 

$/a\ 

tla-*0 O'lSO 
0-1 012S 

0-3 0128 

0-3 0-126 

0-4 0-126 

0 6 0-127 

0-8 0-128 

0-7 0-181 

0-8 0-187 

0-0 0-181 

1-0 0-182 

1-1 — 

1-2 — 

1-S — 

14 — 

18 — 

1-6 — 

1-7 — 

1-8 — 

1-9 — 

3-0 — 


0-1 0-2 

0-117 0-111 

0-117 0-111 

0 117 0-111 

0-116 O-lOO 

0-118 0-100 

0-lU 0-108 

0-114 0-107 

0-116 0-108 

0-120 0-106 

0-126 0-110 

0 136 0-118 

0-161 0-124 

— 0-148 


0-3 0-4 

0-110 0-111 

0-110 0-111 

0-100 0-110 

0-108 0-108 

0-107 0-107 

0-108 0-104 

0-103 0-101 

0-101 0-008 

0-100 0 006 

0-100 0 004 

0-102 0 004 

0-107 0-006 

0-117 0101 

0 132 0-110 

— 0122 


0-8 0-6 

0-118 0-129 

0118 0-120 

0-117 0-128 

0-118 0-138 

0 111 0-120 

U-I08 0-116 

0 108 0-110 

0-101 0-106 

0 007 0-101 

0 094 0-006 

0 002 0 093 

0 092 0-092 

0-094 0 092 

0-090 0 004 

0 108 0 098 

0-116 0-104 

— 0 110 


0-7 0 8 

0-188 0-207 

0-183 0 202 

0-180 0-198 

0146 0-180 

0 140 0-180 

0 133 0 169 

0-127 0-166 

0-110 0 148 

0-112 0-134 

0-108 0-122 
0-100 0-113 

0-008 0-106 
0-092 0 100 

0 091 0-006 

0-002 0-094 

0-004 0-093 

0-098 0-004 

0-106 0-097 

— 0-106 


0-0 

0-368 
0-389 
0 334 
0-306 
0 274 
0-246 
0217 
0-194 
0-173 
0 188 
0-140 
0-129 
0-119 
0-111 
0-108 
0-100 
0-090 
0-100 
0-104 
0-110 


Some of the more systematio considerations which gave rise to table 3 
are the following: When e/a = 0, that is A = and n I, 



and s, = aja. With this value of F(i) we find 




-l)(2p -3). 1 


2 p + 2 (2p)(2p-2).., 






(33) 

(33a) 


which is the well-known result for Sg in a circular jet since B = 0 when 
A = \n. The formula (33) is very useful for dureot numerical evaluation for 
a wide range of «/a as it converges very rapidly—for example, when aja » 0- 8 
the third term in the series is 0-0017. For higher values of aja direct evalua¬ 
tion becomes laborious, but another method is here available. The series in 

24 a 
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equation (33) can be expraseed in a compact form, for if E{k) ia the complete 
elliptic integral of the second kind, with modulus k, then 


m 






Hence equation (33) can be written as 


,34.) 

The elliptic int^ral E(k) is tabulated by Jahnke and Emde (1928) and in 
particular, when aja = 1, the value of —dg is 


-3„-i[l-g.0.1317. 

This deals with A = Jv, but it should bo noted that for other values of A the 
distribution is approximately elliptic m the ^-plane for small values of Sj 
and so hero again equation (33) is valid even though is not exactly equal 
to a/a This consideration enables one to fill in the first six rows of table 3. 
Further, as A >0, F(|) tends to unity and —Sg approaches infinity. 


4. (toNSIDBKATION OB BBSPLTS 

The working experimental range can be taken to be c/o<0-76 and 
aja ^ 0'75(a + c)/a Within this range the correcting factors are of the same 
order of magnitude as those associated with the ordinary circular wind- 
tunnel arrangement. At greater values of c/« and aja the distortion of the 
jet boundary will probably become serious and will invalidate the results 
obtained. In addition, the efiect of the induced downwash on the distribution 
of lift has been ignored. 

Up to the present, oxpenmental checks are only available for the case 
eja = 0-0. Hero, as aja changes from 0*0 to 1-0, changes from 0*125 to 
infinity and -Sg changes from 0*126 to 0*182. The values at aja = 1*0 are 
not to bo taken too seriously but they give an indication of the way in which 
^ changes. Prandtl (1923) and Knight and Harris (1930) have confirmed 
that in experiments in a free jet the theoretical formula for the correction 
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to the drag coefficient when the ‘ span to diameter ’ ratio is large, is less than 
that deduced from experiment. The theoretical formula for the correction 
to incidence shows marked discrepancies in the same direction, even at 
moderate values of «/o, but this is ascribed to other causes—principally to 
the influence of a general curvature of the jet The ‘theoretical formula’ 
mentioned here is that based on the asaum^ition of elliptic distribution of 
lift. In paitioular Knight and Harris take a special case where a/a = 0-16 
The experimental correcting factor to the drag coefficient is found to be 
— O’ 142. If we insert this value of aja in our formulae we find = - 0-133 
and Sir ac — 0‘142, and this suggests that even at this value of the span-to- 
diameter ratio the distribution of lift approaches more closely to the 
uniform type than to the elliptic type. 

6. Appendix 
lAat of aymbola 

diameter of the undisturbed jet; 

length of the vertical reflexion plate or partition intercepted by 
the jet; 

displacement of the vertical partition from the centre of the jet, 
the acute angle given by the relation A = tan '^ (6/c); 
equal to 7r/2(jr —A); 

co-ordinate along the span measured from the centre of the com¬ 
plete aerofoil, 

co-ordinate perpendicular to the aerofoil; 
equal to x + iy, 

co-ordinates corresponding to x and y in the transformed plane, 
equal to ^+iy, 

span of the complete aerofoil in the extended z-plane, 
maximum area of projection of the wing, equal to the s[>an multi¬ 
plied by the mean chord, 

area of the undisturbed cross-section of the jet, equal to iro*. 
density and speed of the air in the jet; 
angle of incidence, lift and drag of the complete aerofoil; 
lift coefficient and drag coefficient, equal, respectively, to L/^pV^S 
and D/yV'S; 

corrections to be applied to measured values of a and Cd due to 
the wind-tunnel constraint; 

wind tunnel correcting factors based on assumptions of ‘ uniform ’ 
and ‘elliptic’ distributions of lift. 


2 a 

26 


A 

n 

X 

y 

z 

irV 

S 

2a 

S 

c 

P.v 
a, L,D 
Cx. Q) 

da, ACo 
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An investigation of the disintegration of boron 
by slow neutrons 
By R. S. Wilsoh, B.A. 

(Communicated by J. Chadwick, F.R.8.—Received 27 Se'ptember 1040) 

The diamtogration of boron by alow neutrona haa been inveatigated uamg 
an ionization chamber filled with boron tnohlonde m conjunction with a 
linear amplifier. 

The magnitudoa of the lomzation impulaee, meaaured by the oaciUograpb 
dofiexioua, ahould give under appropriate conditiona a meaaure of the energy 
releaae in the disintegration proooas. The various factors which can affect the 
size of the oscillograph deflexion are diaouasod so as to define the appropriate 
conditions of experiment. 

Evidence is found for two dismtegration energies. Aaaunung that the 
greater energy release eorroeponda to the formation of the Li’ nucleus in the 
ground state and is therefore 2 99 MeV, then the smaller energy, which is 
released m about 93-94 % of the dismtegrations, is 2 67 ± 0 05 MeV. An 
explanation is offered of the contradiction with the roeulta of Maurer and 
Fisk The y-radiation associated with the reaction has been detected and 
a rough measurement of ita <]uantum energy has been made. 

The disintegration of boron by slow neutrons has been investigated by a 
number of workers (Rotblat 1936; Walen 1936; Fflnfer 1937; Haxel 1937: 
O’Ceallaigh and Davies 1938; Bower, Bretscher and Gilbert 1938; Living¬ 
ston and Hoffman 1938, Maurer and Fisk 1939). The earhest observations 
of this reaction left little doubt that the process is 

jB“-f-o»i-,Li»-h,He* 

Later experiments, while confirming the nature of the reaction, had for 
their object the measurement of the energy relations in the process. Most 
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of them agree in indicating that the energy liberated in the reaction is about 
2 'S MeV, whereas the value of the energy derived firom the masses of the 
nuclei concerned is 2-09 MeV. The results of Bower tt <A., obtained from 
observations of tracks in an expansion chamber containing boric acid methyl 
ester, are particularly clear in showing that the main reaction gives rise to 
the formation of a Li^ nucleus in an excited state. Some observations 
(Haxel 1937 ; O’Ceallaigh and Davies 1938 ; Livingston and Hoffmann 
1938 ) suggest, however, that in a small proportion of oases the Li^ is formed 
in the ground state. 

On the other hand Maurer and Fisk, using an ionization chamber filled 
with boron trichloride in conjunction with a linear amplifier, did not confirm 
this simple picture of the reaction but found evidence for the presence of 
four, probably five, definite disintegration energies, all of roughly the same 
probability. The method used by them has, in principle, some obvious 
advantages. Assuming that the energy required to produce a pair of ions is 
constant and that the amplifier does not distort the original impulse, then 
the amplitude of the recorded impulse gives directly a measure of the 
disintegration energy. Also a large number of disintegratioiis can be 
examined in a short time. In practice, however, the method must be used 
with care, for the ionization chamber and amplifier may introduce un¬ 
desirable effects. In fact, the work described in the present paper, carried 
out by the same method, does not confirm the results of Maurer and Fisk, 
and analysis suggests that these were due to distortion in their amplifier 
coupled with an over-emphasis of detail which might more properly be 
attributed to statistical variations. 

Before proceeding to the actual observations, a brief discussion is given 
of certain factors governing the form of distribution curve obtained with 
this method. 

Factors affecting the shape of the distribution curve 
(a) Oumetry 

If dismtegrations take place in the gas of an ionization chamber, then 
a number of the disintegration particles will strike the electrodes or pass out 
of the effective collecting volume, and the full number of ions will not be 
collected. For a parallel infinite pair of plates it can be shown that for an 
isotropic disintegration the distribution of the lengths of the paths is 
represented by a background of uniform height upon which is superimposed 
a peak of the same shape as the original but reduced m size. If the separation 
of the plates is d, and the length of the path of the disintegration particle 
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is If,, then the fraction of the total which is in the background is Io/2d (Ip < d). 
The effect of using finite plates is to increase the number of particles with 
short path. Taking account of the variation of ionization along the track of 
the particles we can draw the expected number/ionization curve as shown in 
figure 1 o. Since the shape of the peak is unaltered, it is unnecessary to use 
a very large separation of the plates to avoid ‘edge’ effects, although it is 
an advantage to have the diameter of the plates large compared with their 
separation. 
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(6) CoUeeting time 

Immediately a pair of ions is formed between the electrodes the potential 
of the collecting plate will rise approximately linearly in time to a maximum 
given by F = qjC, whore G is the capacity of the electrodes and associated 
circuits, and then decay exponentially to zero. The time taken to reach a 
maximum is that taken for the slowest ion to roach the plates (there is no 
sudden rise in potential as the ion touchra the electrodes). The exponential 
decay is determined by the time constant of the collecting electrodes and 
associated circuits; the time constant is usually a matter of a few seconds. 
For a group of ions formed by an ionizing particle the impulse will not have 
qmte this form (due to different collecting times of different ions), but the 
simple form given above will be a fair approximation. Such an impulse will 
be distorted on passing through the intervalve couplings of the linear 
amplifier, in particular its maximum will be reduced to a fraction 

{l-exp(-TA)}T,/Te 

of its ideal value on glassing through a single coupling stage; is the collecting 
time and r, the time constant of the mtervalve coupling circuit. When 
disint^rations take place in a gas the collecting time will vary, according 
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to the place where the disintegration occurs, and so also will the size of kick 
observed on the oscillograph. The form of distribution curve is shown in 
figure 1 b, broad at tiie peak but not extended at the skirts. This broadening 
is greatest for long collecting times. For short collecting times the curve is 
approximately rectangular as in (1), for longer collecting times it becomes 
definitely trapezoidal as in (2). For short collecting times the frac¬ 
tional reduction of voltage is irjTg: the efiPects of successive stages are addi¬ 
tive, so that for n similar coupling stages the reduction of voltage is nrJ'lTg. 
Now the collecting time for plates of setiaration d and collecting voltage V 
varies between d*IV{K^ and d*IVK^ or d*jVK_, whichever is the 

larger, where K^. and if _ are the mobilities of positive and negative ions 
Thus the variation of collecting time is greater than a factor of two. If 
therefore we wish to have a spread of less than 10 % in the {leak, the maximum 
collecting time must be less than rjbn. 

(c) Effect of counting rate 

The shape of the pulse after the maximum has been reached is also deter¬ 
mined by the intervalve couphngs. For an amplifier with four similar 
coupling stages the impulse hew the form shown in figure 2. If now a second 



Fiourk 2. Form of impulse after passing through four similar 
couplmg stages. 

pulse is received before the original one dies out, the recorded size of the 
second pulse is different from its ideal value. This causes a broadening of the 
curve, particularly at the skirts. The height of the skirts is proportional to 
the counting rate. It was found that with coupling circuits of 1/20 sec. time 
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constant the broadening of the curve was appreciable at a counting rate of 
120 per min. A maximum rate of 50 per min. was therefore preferred. 
Higher counting rates could be used with smaller time constants. 


Details of apparatus and results obtained 
From the above considerations the conditions for obtaining a sharp peak 
are: short collecting time; an amplifier with coupling circuits of long time 
constant; and slow counting rate, with the e^ge effects subordinate to these. 

If the gas pressure is p and the separation of the plates is d, then the 
collecting time is proportional to pd* for a given collecting voltage. The edge 
effect is inversely proportional to pd. If we are limited, as in this case, by 
the total available voltage, then the small chamber at high pressure has the 
advantage over a large one at low pressure. If we are limited by the electrical 
field that can be applied, then the two chambers would have identical 
characteristics. The smaller chamber is more economical, and, moreover, 
experience with a chamber 30 cm. diameter and 30 cm. deep showed that it 
was difficult to screen such a chamber from electrical interference, as one 
point only would be effectively earthed. An external screen was necessary. 

The chamber used had plates 8 cm. diameter separated by 9 mm., and 
was filled with boron trichloride to a pressure of 53 cm. at 20° C. A neutron 
source of polonium mixed with beryllium powder was separated from the 
chamber by 5 cm. of paraffin wax and the whole surrounded by a further 
5 cm of paraffin wax. The counting rate was 48 per min. The five-valve 
amplifier had four coupling circuits of time constant 1/20 sec. each and the 
final stage was transformer coupled to the oscillograph. The latter was 
almost critically damped and could respond to a pulse in 1/2000 sec., so 
that little distortion of the pulse would be introduced by the oscillograph. 
The impulses were recorded photographically in the usual manner. 

The distribution in size of the oscillc^raph kicks is given in figure 3, from 
which it will be seen that in addition to the main peak of 18*2 mm. deflexion 
there is a smaller peak of about 21'1 mm. deflexion. The main peak must 
clearly correspond to the reaction commonly observed, in which the 
energy release has been estimated by several observers to be about 2-5 MeV. 
On this assumption the energy release in the reaction indicated by the 
smaller jieak will be about 2'92 MeV, thus strongly suggesting that this 
peak corresponds to a reaction in which the Li^ nucleus is formed in the 
ground state, for which the calculated energy release is 2*99 MeV.* The 
• See the note at the end of this paper, and eqioojally the reference to the work 
of E. Biddle Qravee. 
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magnitude of thu peak shows that about 6-7 % of the dismtegrations take 
place in this way. 

It should of course be possible to form directly, from the magnitude of the 
oscillograph deflexion, estimates of the energy release. The amplifier was 
calibrated by means of the a-particles from a source of thorium active 
deposit, when the ionization chamber was filled with air. It was found in 
this way that 1 mm. defiexion corresponds to the release of 4800 ions The 
main peak thus corresponds to the release of about 87,000 ions and the 



Figubb 3 


smaller peak to about 102,000 ions. The ionization energy for boron tri¬ 
chloride is, however, not known, so that these values cannot be translated 
accurately, it is only possible from the existing data to state that the energy 
releases are approximately 2-4 MeV and 2'8 MeV respectively. 

The collecting voltage used in these experiments was 1300 V. When this 
was reduced to half value the size of the impulses in the main peak was 
reduced by 8 %. The spread of the peak due to variations of collecting time 
must therefore have been less than 8 %. The number of particles in the 
background and the spread of the peak wore greater than anticipated. 
These effects increased with time and were attributed to the deposition of 
boron or boric acid on the electrodes. 

We are now in a position to put an alternative interpretation on 
the results of Maurer and Fisk. At one pomt in their amplifier they 
used a coupling circuit with a time constant of 1 /200 sec. and as the 
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ooUeoting time at higher pressures cannot have been less than 1/100 sec. 
we expect that variations of collecting time will be important in their 
experiments. 

Maurer and Fisk’s interpretation of their curves suggests that peaks due 
to groups of particles diifenng in energy by a factor of 10 % would disappear 
in turn as the pressure of gas in the chamber is reduced. The analysis given 
above does not confirm this idea. The observations are consistent with the 
idea that the peak is broadened at higher pressures due to increased collecting 
time; the curves of figure 16 can be nicely fitted to their experimental points. 
As the calibrating source was so situated that ions produced by it had the 
largest collecting time, the ]>eak referred to this standard appears to move 
towards the high energy side at increased pressures. 

As has been stated, the results obtained here suggest that in the greater 
number of boron disintegrations, 93-94 %, the Li’ nucleus is formed in an 
excited state of energy about 0-4 MeV. This value is in good agreement with 
values obtamed from the proton groups in the Li*-d-p reaction, which 
indicate a level at 0-46 MoV, and fiom the radioactivity of Be’ which is 
accompanied by y-radiation of energy 0'426 ± 0*026 MeV arising from a 
transition between the two levels in the resultant Li’ (cf Livingston and 
Bethe 1937 ; Rumbaugh, Roberts and Hafstad 1938 ). 

The ratio of the two groups is in good agreement with the experimental 
findings of Livingston and Hoifmaim ( 1938 ), although not with their 
published values, which are in error owing to an oversight in their analysis. 
They have in fact quoted the square root of the ratio, and an inspection 
of their curves indicates that 92-93 % of the disintegrations lead to the 
excited state 


Detection of the y-BADiATioN 

The Li’ nuclei formed in the excited state will go to the ground state by 
the emission of a y-ray. The detection of this y-radiation would confirm the 
proposed disintegration scheme, but it is rendered difficult by the fact that 
the polonium-beryllium source emits a y-radiation of much greater in¬ 
tensity. This difficulty was overcome in the following way. A boron-lined 
counter was operated in the proportional region so that it responded only 
to heavily ionizing particles such as are emitted in the B“(n, a) Li’ reaction. 
This counter was connected to one line of a coincidence amplifier and an 
adjacent y-ray counter was connected to the other line. The neutron source 
and both counters were embedded in blocks of paraffin wax. The resolving 
time of the coincidence circuit was rather less than 2 x 10 “* sec. so that no 
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coinddenoea between the y-raya and neutrons emitted by the aouroe oould 
be recorded owing to the fact that the neutrons take a time of about 10 ^ aec. 
to slow down to thermal velodties. The coincidences observed were there¬ 
fore due to y-rays associated in time with the a-particlea fnmi the boron 
disintegration, together with a small number of chance coincidences. The 
absorption coefficient of the radiation was measured by measuring the 
coinddenoe rates when different thicknesses of lead were placed between the 
two counters. 

The number of coincidences obtained, after deduction of the chance 
coincidence rate of about 1 per hour, was 3-6 ±0-66 per hour with no 
absorber, 3*27 ± 0-33 per hour with a lead absorber of 2-56 g /cm.*, and 
1-08 ±0-37 with 6-13 g./cm.*. 

These results are not sufficiently accurate to give more than an indication 
that the energy of the radiation is about 0-5 MeV, but they offer some con¬ 
firmation of the simple level scheme suggested by the ionization measure¬ 
ments. 

Note added by J. Chadwick. In a private letter. Dr C. W. Gilbert informs 
me that he has extended the observations of Bower, Bretscher and Gilbert 
( 1938 ) (measurements of track lengths in an expansion chamber containing 
a boron ester) and has obtained clear evidence of a group of tracks corre¬ 
sponding to an energy release about 0*6 MeV greater than that of the main 
group The intensity of this group is about 9 % of the mam group. Uis 
results thus agree well with those of Mr Wilson. 

Mr Gilbert’s measurements, combined with those of Bower, Bretscher 
and Gilbert, give values for the energy releases of 2.20 MoV and 2-72 MeV, 
if the energy-range reiation for a-particles given by Livingston and Bethe 
( 1937 , p. 246) is adopted. 

In a recent paper ( 1940 , Phya. Rev., 57, 866 ) Miss E Riddle Graves has 
discussed the energy release in the (B^**, n) reaction. On the basis of a 
chain of reactions she deduces a value for the maximum energy release 
which does not involve those nuclear masses which are in doubt. She 
obtains a value of 2-68 or 2-78 MoV, according as to whether Bainbridge’s 
or Aston’s result for the (2H*- He*) doublet is taken. 

The accord between this value for the maximum energy release and 
the energy release deduced from the higher of the two groups suggests 
that the higher group docs in fact correspond to a process leadmg to 
the ground state of Li^ and that the energy-range relation for a-particles 
is reliable. 
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Affbitdix 
(1) Edge effects^ 

Goiwider an etoment of volume dxdydz at a distance x fi»m an infinite 
plane electrode If particles are emitted from this volume with path lengths, 
limited by impact with the electrode, lying between 2 and th^ will 
be emitted within a solid angle 2ffxd2/2*. If there ate » such partioles emitted 
per unit volume and they are isotropically distributed, then the number of 
partioles lying within the given range is nxdldxdydxl2P. U we have two 
electrodes separated by a distance d, and consider partioles emitted from a 
cylinder of unit cross-section limited by the electrodes, then the number 
of particles in the given range emitted from the cylinder is 

NH)dl=^^-^jxdx (1) 

» indl, 

which is a uniform distribution. 

The total number of partioles emitted from this cylinder is iV » nd, 

whereas the number of partioles m the background is 

« inig, Ig is maximum range of particles. 
Hence NgjN^lgfM, lg<d (otherwise limits of (I) are incorrect). 

(2) Effect of coupling circuits 

The intervalve coupling circuit consists of a grid resistance R in series 
with a grid condenser C. The voltage across them is V and the voltage V 
across the resistance is applied to the grid of the succeeding valve. We have 

Vg = ~ dt + oonstantj, 

where Tg = RC, the constant being fixed by the initial conditions. 

The form of pulse applied to the coupling is 

V ^VgtlT„ 

V = Vge-^r^ t^Tg, 

where Tg is the collecting time of the ions and k, which is the time constant 
of the input circuit of the first valve, is less than 1 sec.-». 
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During the initial rise of the grid potential Vg rises aooording to the law 

When V reaches its maximum value and starts to decrease exponentially 
Vg also starts to decrease; its maximum (at I« r,) is 

In the arrangement used was chosen to be large compared with 7^; 
the peak value of is thus effectively Vg. In considering the subsequent 
behaviour of ^ it is sufficient to consider K as a constant, for k is very much 
smaller than l/r^. Thus Vg falls off exponentially according to the law 

Vg^Vge-«-*. 

In considering the form of the impulse at later stages of amplification it will 
be sufficient to treat it as rising instantaneously to a certain value and then 
decaying according to the law which is derived below. 

After passing through the second coupling circuit 

After passmg through the third coupling circuit 
and after passing through the fourth coupling circuit 

v; = Vg{i - 3t/T,+it*/T;- 

which is depicted in figure 2. 

A second impulse will have an apparent amplitude differing from that of 
the main group by more than 10 % if it arrives while the original impulse 
differs from zero by more than l/lOl^. The length of time during which this 
is so is l-Or,, so that fur a counting rate N, a fraction of the particles 

will have amplitudes differing from tlie ideal value by more than 10 %. 

The author wishes to express his thanks to Professor J. Chadwick, F.R.S., 
who suggested the experiment and gave much encouragement and advice. 
Thanks are also due to Dr M. H. L. Pryce for interesting discussions. Finally, 
the author wishes to acknowledge the financial aid received from the 
Department of Scientific and Industrial Research during the period in 
which this work was earned out. 
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A study of sensitized explosions 
V. Some new experiments on the hydrogen-oxygen 
reaction sensitized by nitrogen peroxide 

By F. S. Dainton and R. G. W. Norbish, F.R.S. 

Laboraiory of Phyneal Chtmiatry, Cambridge 

(Received 21 May 1940) 

Tho effect of pressure and temperature of reactants, of inert gases, of 
vessel diameter and of surface condition on the induction periods an^ ex¬ 
plosion boundary of 2H, -f 0| mixtures oontaimng mtrogen peroxide have 
been determined in the temperature rtuige 360-410° C. The prmoipal results 
may be summarised: 

(а) Increase of pressure causes the separation of the upper and lower 
limiting concentration of sensitizer to mcrease from zero to a maximum value 
at tho inversion pressure. Above this pressure the upper limit decreases and 
the lower limit increases Imearly with mcrease of pressure. The induction 
penods of H|-0|-N0| mixtures of constant NOg content decrease rapidly 
with mcrease of pressure, approaching a small value asymptotically. 

(б) All foreign gases lengthen the mduction periods and eventually quench 
the igmtion of an explosive mixture of Hi-Oj-NOi of constant ooraposition. 

The order of efficiency of tho non-reactant gases in lengthening the mduction 
penods is COj>N|> A = He, whereas the order of effioionoy in quenching 
Ignition IS C0|> He> Nf > A. 

(e) The mduction period at the upper limit always exceeds the induction 
penod at tho lower limit. The reverse is true of the rates of the slow reactions 
in tho vicmity of the limits. 

(d) At constant total pressure, nso of temperature causes the upper limit 
(Po) to be raised according to the equation 

log Pp = - EfRT -t constant. 

E 1% 19,600 cal. at a total pressure of 76 mm. and increases with pressure to 
26,600 col. at 472 mm. 

(e) At constant pressure the upper limit decreases and the lower limit m- 
creases as the reciprocal of the square of the diameter. 

Gaaeous ignition processes, in common with other chain reactions, are 
highly susceptible to positive and negative catalysis by traces of foreign 
substances, and the introduction of controlled amounts of such cataljrsts 
and inhibitors simplifies the study of ignition. The reason for this lies in 
the fact, first demonstrated by Semenofi ( 1938 ), that in the simplest case,* 
* In this case, the only chain processes considered are inUvttwn and propageUtmi 
both mdependent of the number of centres present, and brartchtng and deaetwatxon 
processes which dopend only on the first power of tho concentration of the centres. 
Self noutrahzation of the centres, which proceeds at a rate proportional to the second 
power of the concentration, will be considered later. 
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^ veHocoty of a fthain leaotion under isothermal oonditions 

ixusteaem dowly to a oonstant value when a quantity ^ is negative, but 
when ^ has positive values the reaction is continuously self-accelerating 
and may become explosively rapid. 

This net blanching factor ^ is defined as the diflTerence between the 
probabih’ties of branching and deactivation in processes which are of the 
first order with respect to n, and for an uncatalysed reaction at constant 
temperature is a function of the total pressure of reactants only. In a 
oatalysed reaction, ^ fiequently changes with the partial pressure of the 
catalyst at about the same rate as it does with the pressure of reactants. 
If, in this latter case, the catalytic effect is also confined to very small 
amounts^of the sensitizer, say 1 mm., then in a 1/100 molal mixture of 
catalyst to reactants the inaccuracy in ^ due to error in measuring pres¬ 
sures is reduced one hundred fold. This precise control and ready reproduc¬ 
tion of ^ by adjustment of the concentration of sensitizer greatly fimilitates 
the study of explosion. When a catalyst is, in addition, sufficiently effective 
to cause explosion at temperatures well below those at which the un¬ 
sensitized reaction takes place with perceptible velocity the reactions 
responsible for chain branching in the unsenaitized reaction will be almost 
entirely absent, and need not be considered when a reaction scheme is 
being devised. The hydrogen-oxygen reaction sensitized by nitrogen 
peroxide and nitrosyl chloride which will be descnbed in this and the 
succeeding paper, are two examples of such sensitization of ignition. 

The work on the H|-Os-NOg reaction described in the present paper, and 
of which a preliminary account has been given by the present authors 
( 1939)1 undertaken to determme which of the two following theories 
is correct The first theory, the so-called 'isothermal' or ‘chain’ theory, 
was developed by Hinshelwood and Williamson (1934) and von Elbe and 
Lewis (1937, 1939)1 holds that the condition for igmtion is merely that 
the branching exceeds the deactivation, i.e. that the boundary between 
ignition and slow reaction is merely the locus of sU compositions for which 
^ = 0. The second theory is the so-called ‘thermal’ theory, due to Foord 
and Norrish (1935), and this holds that owing to the recombmation of 
centres in three-body collisions, a process dependent on the second power 
of the concentration of the centres, a positive value of ^ does not ensure 
that the reaction rate is continuously self-accelerating under isothermal 
conditions. The operation of this factor would restrict the reaction velocity 
to a finite equilibrium value which is the larger the greater Ignition is 
considered to occur only when in some favourable volume element the 
rate of liberation of heat associated with this equilibrium velocity is 
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greater than the rate of oonduotion away. The explosion boundaiy is then 
defined by equating ^ to some finite positive value which depends on the 
thermal conductivity. 


ExPBBIMBNTAL MBTHOD 

Appantiua. The apparatus differed only in detail from that used in the 
eariier investigations of Foord and Norrish ( 1935 ). It consisted of a pyiex 
or quarts cylindrical reaction vessel held horizontally in an electric fur¬ 
nace, the temperature of which was pontrolled to ± 0 * 6 ° C over 38 cm. of 
its length, eithmr by hand regulation or by a ‘Multeleo’ automatic regu¬ 
lator and recorder, operated by the e.m.f. firom a chromel-alumel thermo- 
junction. Oas mixtures of any desired composition and pressures up to 
690 mm. Hg could be admitted to tihe reaction vessel through a wide-bore 
tap from a mixing veml. In order to make up these mixtures and to 
follow pressure changes after admission of the gas, the reaction vessel and 
mixing vessel were connected by capillary tubing to a Bourdon gauge of 
the mirror type described by Foord (i 934 )< The whole apparatus could be 
rapidly evacuated by a ^ree-stage quartz mercury diffusion pump, 
backed by a Hyvac pump. 

Measurements were made both in vessels with a clean surface and in 
vessels the surface of which was covered by a layer of potassium chloride. 
This layer was deposited by allowing the vessel to stand overnight full of 
a 10 % solution of potassium chloride in distilled water. After decanting 
the solution the vessel was attached to the apparatus through the ground 
joint and the water vapour pumped off at 300° C. This surface layer of 
potassium chloride could be removed by repeated washing with con¬ 
centrated nitric acid and distilled water; and vessels cleaned in this manner 
gave the same results as before the treatment with potassium chloride. 

Preparation of gases. Hydrogen and oxygen were prepared by the 
electrolysis between nickel electrodes of 10 % caustic soda solution saturated 
with baryta, and stored over water. Both gases were purified from traces 
of each other by passage over platinized asbestos heated electrically in 
pyrex tubes, and dried by passage over phosphorus pentoxide. The 
hydrogen was further dried before use by passing through a spiral cooled 
in liquid air. The oxygen wcls condensed in a trap cooled in liquid nitrogen, 
one-third pumped off to remove traces of nitrogen and the residue evapor¬ 
ated as required. 

Nitrogen peroxide was obtained by gently warming a mixture of dry lead 
nitrate and clean dry sand in a slow stream of dry oxygen. The nitrogen 
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peroxide was condensed to a red liquid in a trap oooled in an ice-salt 
freezing mixture and oxygen bubbled through until the solid obtained by 
cooling to liquid air temperatures was colourless. The final sample was 
obtained by fractional distillation in vacuo and was considered to be pure 
if it gave the right vapour pressure curve between -20 and + 16° C (see 
Egerton 1914 ). 

Nitrogen was taken from the cylinder and traces of combustible sub¬ 
stances removed by passage over copper oxide heated electrically to a dull 
red heat in a pyrex tube, over sohd caustic potash and through a glass 
spiral cooled in liquid air. Argon was also taken firom a cylinder and purified 
in the same manner as the nitrogen, except that the spiral was oooled in 
sohd carbon dioxide. Preliminary ex^ieriments with cylinder gases which 
had merely been dried gave very variable results, and it was not until 
combustible matenals had been removed that the induction periods in the 
presence of foreign gases became reproducible. 

Helxum was obtained from the Royal Society Mond Laboratory and 
stored over water. Immediately before use it was purified by passage over 
phosphorus pentoxide and activated charcoal cooled m liquid air. Carbon 
dioxide was obtained from the solid after the air had been pumped off. 

In view of the trace catalysis of chain processes, reproducibility of con¬ 
centration limits and induction penods under standard conditions were 
taken as sufficient criteria of the purity of the gases. 

Practical methods. For the preparation of gas mixtures containing 
accurately known small amounts of mtrogen peroxide between 1 and 4 mm. 
partial pressure, a mixture of oxygen with 10 % nitrogen peroxide was made 
up in a subsidiary mixing vessel of 3 1. capacity and allowed to attain 
uniform composition over a period of 12 hr. When mixtures containing less 
than I mm. nitrogen peroxide were required, this 10 % mixture was further 
diluted with oxygen to a convenient concentration in another mixing 
vessel. All the concentrations, foreign gas, nitrogen peroxide, hydrogen 
and oxygen, are expressed as the pressures associated with these con¬ 
centrations at 304° C. 

The procedure adopted in all the experiments was as follows. Requisite 
amounts of the appropriate nitrogen peroxide-oxygen mixture were drawn 
off into the main mixing vessel and extra oxygen and hydrogen added, in 
that order. This mixture was allowed to become homogeneous by diffusion 
for a minimum time, varying from 6 min. at total pressures of 100 mm. to 
16 min. at total pressures of 600 mm. After this interval the gas was 
admitted to the reaction vessel and Bourdon gauge and observations made 
on the occurrence of slow reaction or ignition, and the length of the 
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induction period. After each experiment, the mixing vessel, reaction vessel 
and gauge were pumped out for 16 mm., previous measurements with a 
McLeod gauge having shown that a pressure of 6 x 10 “* inm. Hg could be 
attained in this time. 

To assist in the maintenance of constant surface conditions dunng a 
series of experiments lasting several days the furnace temperature was 
never allowed to fall below 320” C overnight. 

Expbbimbntal bbsults 
1 . Pressure of reactants 

It had previously been observed by Thompson and Hinshelwood ( 1929 ) 
that at a given temperature and mixture composition (2H, + 0,) in porce¬ 
lain or silica vessels of unspecified diameter, the effect of increasing the 
total pressure of hydrogen and oxygen over the range 160-600 mm. is to 
lower the upper limiting concentration of nitrogen peroxide and slightly 
to raise the lower limit. In a quartz vessel of internal diameter 25 mm. at 
five temperatures between 361 and 409° C, this appears to be true only at 
pressures greater than a certain value. As the total pressure is reduced 
below this value the upper limit fails. This is illustrated by the isothormals 
of figure 1 from which it may bo seen that the position of the maximum of 
the upper limit, which we shall call the inversion pressure, is about 300 mm. 
at 364° C, and increases slightly with temperature. 

It later became apparent that it would be interesting to discover whether 
the lower limit passes through a minimum, as the total pressure increases 
Both up[X)r and lower limits were therefore determined at 364° C in a pyrex 
reaction vessel of internal diameter 7'0 mm., which had been rintuKl with 
a 10 % aqueous solution of potassium chloride before use. The results are 
given in table 1. These results are plotted in figure 2, from which it may be 
seen that there is a lower limiting pressure of reactants, m this case 
127 mm., below which there is no ignition Above this pressure, the 
separation of the limits increases with pressure, passing through a maximum 
at 300 mm Above this inversion pressure the lower limit rises and the 
upper limit falls linearly with pressure until a second limiting pressure is 
reached, in this case about 69d mm., above which the ignition is replaced 
by slow reaction. 

Thus at any given pressure of reactants there are two concentrations of 
nitrogen peroxide which mark the boundaries of the explosion region, and 
similarly at any given concentration of sensitizer there are two pressures 
of reactants enclosing an ignition region. Further, a given change in total 
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piesaure has almost three times the effect on the upper limit that it has 
on the lower limit. 



TOTAL ^RCStunC IN mm H| 


FiotTRE 1 Variation of the upper limit (Pu) with totol preeaure of reaetante (2H| + 0|) 
at different temperatures. Quarta reaction voaael, internal diameter 25 0 mm. 

The induction period at a given concentration of nitrogen peroxide falls 
off very rapidly with increase of total pressure, as shown in figure 3. At 
pressures up to 400 mm. this demease is more rapid than the reciprocal of 
the first power of p; whilst above these pressures pr is roughly constant. 
This is illustrated in table 2. Although the induction period is so markedly 
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Fioubk 2. The ifpiition boundary at 364° C in pyrex reaction veaael, 
interned diameter 7 0 mm,, surface poisoned with KCl. 



Fk-itbs 3. Variation of the induction period (r) with total pressure of reeictants at 
364° C. Pyrex reaction vessel, 7-0 mm. mtemal diameter, surface poisoned with 
KCl Pressure of NOt> 0-60 mm. Broken line and O indicates igmtion; full line 
and 0 indicates slow reaction. 
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affected by total pressure, the group of curves in figure 4 are all of the same 
type and show that the dependence on concentration of nitrogen peroxide 
is represented by the same form of equation, whatever the pressure of 
reactants, and that the induction period at the upper limit always exceeds 
that at the lower limit. Associated with this inequality of the mduction 
periods at the limits is the fact that the rate just below the lower limit is 
always faster than just above the upper limit. 



Fiourb 4. Variation of induction period (r) with concentration of nitrogen peroxide 
at different total pressureM of reaotanta, at 364° C Pyrex reaction vessel, internal 
diameter 7 0 mm., surface poisoned with KCl. Broken lino mdicates ignition, full 
line mdicates slow reaction. 

2. Temperature 

Tho explosion region is considerably expanded by increase in tem¬ 
perature. Thompson and Hinshelwood ( 1929 ) showed that whereas the 
lower limit is only slightly lowered, the upper limit mcreases exponentially 
with temperature. This has been confirm^, and the upper limits of ignition 
for a quartz reaction vessel of internal diameter 26 mm. are given in table 3 
and plotted in figure 6 From figure 6 it is evident that, at a given pressure, 
the upper limit is raised according to the equation 
log,, Fxj=‘ ~ ^\ttT + const. 

E has values between 19,600 and 26,000 cal., depending on the pressure 
as is shown in table 4. The values of E corresponding to the last three 
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pmenuM in the table must be oonndered as approziinate, sinoe the 
arithmio dependence of Pu on IjT is less valid, the higher the total pressure. 


Table 3. Upfbb luots bxfbissxd as pbbssubb ob NO^ (Pxj) in mm. at 
DIFFBUBBT total PBBSSUBBS (/|h«+Oi) TBMTBBATUBXS 


Total preMura in mm. Hg 
861“ C 
364“ C 
877“ C 
377“ C 
889“ C 
409“ C 


76 160 800 

1-10 1*84 1-68 

1-42 806 2-84 

1-97 2-76 — 

1-88 866 8 13 

2<62 8 71 4-28 

3-88 6-66 MO 


368 420 478 

1-48 1<84 1-21 

811 801 1-78 

2>90 2-78 2-68 

8-86 8-71 2-02 

4-88 — 3-84 

— — 6-90 


Tabli 4. Variation of B with total pebssubb. 

Quartz vbssbl, diamxtbr 25 mm. 

Total praMuraPorfo, IB 76 ISO 300 368 420 478 

E in koal. 19-6 20-2 21-3 23-4 24-3 26-6 



Fiocbb 6. Variation of the upper limit {Pjf) with temperature at different total 
presBuree of reaotante. Quartz reaction veeael, mtemal diameter 26'0 mm. Brokm 
lines refer to the data of Thompson and Hinshelwood. 

This result may be contrasted with the value of ca. 46 koal. for E, which 
was deduced by Hinshelwood and Williamson ( 1934 ) fix>m Thompson and 
Hinshelwood’s data. In view of this laige discrepancy it is interesting to 
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find that the upper limits as determined by Qibson and Hinshelwood 
( 1928 ) and expressed as pressures of nitric oxide in mm. for 400 mm. 
hydrogen and 200 mm. of oxygen in a poroelain reaction vessel of 200 0 . 0 . 
oapaoity, at temperatures of 371, 390, 404 and 421° C lead to a value of E 
of 27,000 oal. in close agreement witii the values recorded here. 



Figure 6 . Variation of log,, Pu with l/T° at different total pressures of reaotMits. 
Quarts reaction vessel, internal diameter 25 0 mm. The pomts A <uid □ are taken 
from the data of Thompson and Hinshelwood. 

Whilst seeking for a suitable temperature to study the effect of total 
pressure on the ignition limits, the variation of the induction period with 
concentration of sensitizer was obtained for 150 mm. 2 U, + 0| at three 
temperatures, in pyrex reaction vessel of internal diameter 7-0 mm. These 
results are given in figure 7. 

3. Added foreign gases 

For a given explosive mixture of oxygen, hydrogen and nitrogen peroxide 
at a given temperature, addition of carbon dioxide, nitrogen, helium or 
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argon lengthens the induction period and eventually quenches the ignition. 
In figure 8 the change in induction period (r) of 70 mm. hydrogen, 35 mm. 
of oxygen and 2-24 mm. nitrogen peroxide at 377“ C is plotted against the 
amount of added gas, and it will be observed that the suppression pressures 
for the gases are in the ratio 

A N,:He.CO,: 60.3-6-30.1 0.* 



Fioukb 7 Variation of the induction period (t) with the concentration of niti-ospn 
peroxide at 351. 357'5 and 364° C Constant prossuro of roaotants = ISOiniii Hg. 
Pyrex vessel, internal diameter 7*0 mm . surface poisoneil by KCl nrokeii lino and 
□ indicates ignition, full lino and <) indioatos slow reaction 

In agreement with this result the upper limit is depressed by addition 
of foreign gases. In the case of nitrogen, as figure 9 shows, this lowering 
may be considered, to a first approximation, as linearly dependent on the 
amount of added nitrogen. The dependence of the limit on temperature is 
only affected by added nitrogen m so far as the constant in the equation 
log* Pn = — EjRT + constant 

* It should be noticed that the same order and magnitude of quenching pressures 
has been obtained for the H,-0,-NOCl system {see Part VI), and that the extinguishing 
action of these inert gases on hydrogon-air mixtures ignited by a spark has boon shown 
by van Heiningen (1936) always to decrease m the order CO„ Ho. N„ A. Thus the 
amounts of these gases necessary to prevent flame in hydrogen-air-foreign gas mixtures 
containmg 15% hydrogen at atmospheric pressure are A, 64-5%; y,, 69*5%; He, 
.■i7-6%; and CO,. 60% 
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Fif.iiRK 8. The effect of vanoue gases on the induction perioil of a mixture con¬ 
taining 70 mm. H„ 36 mm O,, and 2 24 mm. NO, at 377 ’ C in quart? reaction vessel, 
internal diauneter 26 0 mm Broken lino indicates ignition, full line slow reaction 



Fioubk 0. The effect of nitrogen on the upper limit {Pu) of 100 mm. H, -t- 60 mm. O, 
at various tem]x>ratures. Quartx reaction vessel, internal diameter 25 mm. 
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is lowered, for as figure 10 shows, only the intercept on the line 
1/7 - 14-6 X 10-^, 

is altered, the slope of the log, Pjj : 1/7 curve remaining the same. 

The above results are idl obtained in a quurtz reaction vessel of large 
internal diameter (26 mm.), in which, at the pressures and temperatures 
employed, surface deactivation would be expected to be of minor import* 



Fioubb 10. The efifoct of nitrogen on the temperature depiendenoe of the upper limit 
of 100 mm. H, + 60 mm O,. Quartz reaotion vosael, internal diameter 26 mm 

anoe. Under conditions where surface deactivation plays a large part in 
controlling the branching, as for example at a total gas pressure of 120 mm. 
at 377° C in a pyrex reaction vessel 7-0 mm. internal diameter, which had 
been rinsed out with 10% aqueous potassium chloride solution, rather 
different results were obtained which are summarized in figure 11. For 
the three gases, carbon dioxide, argon and nitrogen, if the pressure is 
sufficiently large the limit is depressed, the order of decreasing effectiveness 
of the gases being the order of decreasing atomicity. At low pressures in 
the case of nitrogen and argon, this decrease is preceded by eui increase 
and the limit passes through a maximum value. This expansion of the 
explosion region does not occur when carbon dioidde is the foreign gas, but 
even in this case the initial falling off of the limit is only slight. Although 
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no meaaurementB have been carried out at constant concentrations of 
nitrogen peroxide for more tiian four pressures of foreign gas, those data 
which are available show that the induction period passes through a 
minimum value as the pressure of inert gas is increased. 



FioL'Be 11. The effect of carbon dioxide, nitrogen etnd argon on the upper limit of 
80 nun. H, and 40 mm. 0, at 377° C. Pyrex reaction vessel 7 0 mm. mtenial dia¬ 
meter, surface poisoned with KCl. -0- argon, - A- mtrogen, - x carbon dioxide. 

4. Vessel diameter, etc. 

That this reaction ia subject to considerable surface deactivation is 
shown by the inert gas experiments for the small diameter vessel given 
above, and by the observation of Norrish and Griffiths that the slight 
increase of surface obtamed by fitting the reaction vessel with an axial 
entry tube was sufficient to replace ignition by rapid reaction which rose 
to a maximum value and then decreased again as the concentration of 
NO, was increased. The nature of this deactivation has been investigated 
by determining the igmtion limits for 80 mm hydrogen and 40 mm. 
oxygen at 377° C in cylindrical pyrex reaction vessels of different diameter, 
before and after treatment with a 10% aqueous solution of potassium 
chloride. The results are given in table 6 and figure 12, and may be sum¬ 
marized: 

(a) Above a certain critical diameter the upper limit increases and the 
lower limit decreases with diameter in a linear way, the effect bemg very 
small. Below this critical diameter (about 10-0 mm. in both poisoned and 
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TabLB S. CamCAI. OONCBNTaATIONS OF NITBOQBN PSBOXIDE, AND 
INDUCTION FEBIOOS OF 120 MM. 2H, + 0| IN DIFFERENT VESSELS AT 

377° C 


Internal 


28*1 

23-6 

19-3 

19-3 

16-7 

16-7 

100 

10-0 

100 

8-9 

8-9 

70 

70 


70 
60 
80 
6 0* 


Upper 

limit 


State of surface Pjj in mm. 
Normal 2-48 

Normal 2 34 

Normal 2 38 

KCl treated 2*31 

Nomud 2 40 

KCl treated 2 26 

Normal 2*14 

Normal 2 07 

KCl treated 1 96 

Normal 1 98 

KCl treated 1-82 

Normal 1 88 

Normalised by I 80 

washing with cone. HNO, 

KCl treated 1 27 

Normal 

Normal 

Normal 1*87 


Induction 
period in 

see. at Lower 

the upper limit 

hmit Pi in mm. 

75 — 

64 — 

68 — 

88 0-06 

76 0-06 

77 0 07 

64 — 

68 

70 0 12 

60 0 10 

64 0 19 

45 — 

40 0 16 

40 0-32 

No Ignition 
No Ignition 
50 0-29 


Induction 
penodin 
see. at 
the lower 


3 

1-2 

2 


10 

20 

3-0 


2-0 

60 


3>6 


* Performed 12 weeks after measurements on other vessels. 



FitiUBK 12. The effect of vessel diameter and surface condition on the ignition limits 
of 80 mm. Hi^and 40 mm. O, at 377° C. x are values of limits m vessels rinsed with 
10% aqueous KCl before use. O are values of limits m untreated vessels. The full 
lines were obtained theoretically by assigning arbitrary values to the equations on 
p. 441 of Part VII. 
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unpoiaoned vesaela) the explosion limits converge very rapidly and there 
is a Umiting diameter below which explosion is repla^ by a reaction of 
finite velocity whatever the concentration of senBituer. The onset of this 
slow reaction is preceded by an induction period which varies with oatolyst 
concentration in the normal manner. Qualitative observation indicates 
that the rate of slow reaction in this vessel varies with nitrogen peroxide 
concentration in such a way that it is at a maximum when the induction 
period is at a minimum. The shape of the curve is in agreement with the 
results of Xorrish and Griffiths. 

{b) The effect of poisoning the vessel surface by coating with potassiipn 
chloride, is slightly to lower the upper limit and to raise the lower limit, in 
the region where the diameter has little effect, i.e. above 10-0 mm. For 
diameters slightly lees than the critical diameter, the influence of treatment 
with KG is much greater and the limiting diameter is displaced towards 
larger values; in this case from 6*1 to S-9 mm. 

(c) Without exception the induction period was lengthened by poisoning 
and by a decrease in diameter, the effect being most marked at concen¬ 
trations of nitrogen peroxide outside the ignition limits. 

(d) Two experiments were carried out in cylindrical pyrex reaction 
vessels of internal diameter 2S’l mm. and the same length, both con¬ 
taining an axial tube of 7 mm. external diameter. When the gases were 
admitted through this tube the upper limi t was found to be 2*10 mm., 
and when the gases were admitted at the other end of the reaction vessel 
the upper limit was 1-98 mm. It is evident from this result that the mode 
of entry of gases is not a factor appreciably affecting the ignition condition. 


Conclusion 

The isothermal branched chtun theory of this reaction as proposed by 
von Elbe and Lewis ( 1937 , 1939 ) was based on the assumption that 
Thompson and Hinshelwood’s results were a full description of the facts. 
Several differences between these results and those recorded above are, 
however, apparent, the differences being especially marked for the effect 
of temperature and pressure of the reactants on the explosion limits. As 
our results are more numerous and self-consistent and as they confirm the 
earlier measurements of Gibson and Hinshelwood ( 1928 ) we shall consider 
them to be reliable. In Part VII of the present series it will be shown that 
the theory of von Elbe and Lewis ( 1939 ) cannot be used to predict the 
experimental variation of the induction period and ignition limits with 
pressure of reactants and does not therefore ‘furnish a complete descrip- 
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tion of the experimental data'. Further, the aaymmetrio influenoe which 
is apparent in the inequality rxj>Vt^ ia not inherent in the chain theory, 
but may be traced to the phyaioal conditions which must be satisfied for 
the complete propagation of explosion. This physical condition is negleoted 
in the isothermal theory but is a natural oorolUuy of the thermal theory 
which will be presented in Part VU. 

The authors wish to express their thanks to Messrs George Kent, Ltd., 
of Luton, for the gift of a 'Multeleo' automatic temperature regulator 
and recorder, and to the Royal Society and Imperial Chemical Industries 
(Explosives Group) Ltd. for financial assistanoe which has made this work 
possible. 
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VI. Experimental observations on the hydrogen-oxygen 
reaction sensitized by nitrosyl chloride 

Bt F. S. Daintok Ain> B. O. W. Noskibh, F.R.S. 

Laboratory of Phytical Chemistry, Cambridge 
{Received 21 May 1940) 

Small amounts of nitrosyl chloride lower the igmtion temperature of 
2H(+0| muctures by over 200* C. the effioimoy of this substance in this re¬ 
spect being sh^tly greater than nitrogen peroxide. At a given temperature 
the ignition is confined between a lower and an upper concentration of 
catalyst, outside which only alow reaction ooours. Both the slow reaction 
and the ignition are preceded by an mduction period, the length of which 
passes from large values through a minimum to further large values as the 
catalyst conoMitration is mcreased, and which, in contrast to the H,-Ot-NO, 
system, is unaffected by irradiation with light from a morcuiy-vapour lamp. 

The mduction perioda and limits depend on the pressure and temperature 
of reactants in a very similar way to the induction penoda and limits of the 
system described in Part V. The similarity of the two systems 
extends to the effect of non-reactant gases m quenching the ignition, the 
quenching pressures being of the same magnitude m both systems. A difference 
IS, however, found in that these foreign gases shorten the induction period m 
this system whereas they lengthen it in the H|-O|-N0| system. 

If small amounts of two different substanoes catalyse a given reaction 
to about the same extent in a given temperature range, the physical 
oonditions which must be satisfied for ignition to occur should be identical 
in the two oases. It ought therefore to be possible to discover analogous 
phenomena in the two systems and so oon&rm any theory of ignition. 

The sensitization of the hydrogen-oxygen reaction by nitrosyl chloride 
has now been investigated for the first time, and the results are presented 
in this paper. They indicate that the same type of sensitization is operative 
as when nitrogen peroxide is the catalyst, and that these two systems are 
equally suitable for studying the mechanism of ignition of 2H,-f-0, mix- 
turee in the temperature region 350-400° C. There are strong similarities 
between the two systems, and in the following paper (Part VII) it will be 
shown that the phenomena associated with the addition of inert gases, and 
with change in concentration of reactants and sensitizer, point to a thermal 
ignition condition, which is the same in the two reactions. Such differences 
as do exist between the two reactions can be attributed to the different 
[ 411 ] 
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ways in which th^ adjust themselTes to meet this thermal oondition, i.e. 
they lie merely in the chemical reactions leading to explosion. 


ExmanaNTAii mithod 

The apparatus and its use were identical with that already described by 
the present authors ( 1940 ). 

Nitrosyl chloride was prepared in an all-glaas apparatus by the action of 
a solution of nitrosyl bisulphate (NOHSOf), obtained when the dried 
vapours fitom refluxed aqua regia were passed through absorption towers 
oontainiog conoenixated sulphuric acid, on half its weight of warm dry 
sodium chloride. Nitrosyl chloride (b.p. — 5*5°C) was separated firom 
hydrogen chloride (b.p. - 83° C) contained in the evolved gases by con¬ 
densation in a trap cooled in a bath of melting chloroform (temperature 
» - 63° G), and was finally distilled twice in vacuo. In this way, a sample 
of 4 g. of nitrosyl chloride was obtained as a deep red liquid freezing to a 
lemon yellow solid at liquid-air temperatures, at which the sample was kept 
until required. 

Methane was prepared by the reduotaon of methyl iodide by zinc copper 
couple in aqueous alcoholic solution at temperatures around 36° C. Methyl 
alcohol, hydrogen iodide and iodine were removed by bubbling the efBuent 
vapours through strong alkali and acid. The remaining gas was condensed 
in liquid air and fractionated in vacuo. Combustion of a sample of the gas 
used showed it to be at least 99 % pure methane. 

The hydrogen, oxygen, carbon dioxide, nitrogen, heUwn and argon were all 
obtained as described in the previous paper. 

That the purification methods were adequate was shown by the ready 
reproducibility of induction periods and ignition limits. 

In the irradiation experiments two sources of light were used: a high- 
pressure quartz mercury vapour lamp running hot on 220 V and 1*6 amp. 
which emitted strongly between 2300 aird 7000 A, and a 220 V d.c. carbon 
arc, the intensity of the strong emission (visible uid 2478 A line) of which 
could be maintained constuit ovCr long periods, by a dockwork mechanism 
which kept the separation of the electrodes constant. By means of a quartz 
lens fitted flush with the end of the furnace, the radiation from one of 
these sources was focused into a convergent beam passing into a plane- 
ended conical quartz reaction vessel 180 mm. long and tapering from 38 mm. 
outside diameter at one end to 10 mm. at the other. A diaphragm 38*6 mm. 
in diameter was placed about 60 mm. from the light source, and between 
the lens and this diaphragm water or chlorine filters could be interposed. 
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Expibountai. Basuins 

Critiedl oonesniration Utniu of tensitizer. At any given temperature and 
pnwuie of hydrogen and ozygmi the ignition u confined between two 
limiting preeeniee of rntroflyl ohloiide. For inetanoe, at 367” C in the conical 
quartz reaction vewel the value of the lower limit (P^) 0*17 mm. and the 

upper limit {Pj,) = 0-80 mm. for 180 mm. 2H,+0,. (It is of interest that 
at 367” C in the same vessel the critical limits of nitrogen peroxide for the 
same amount of hydrogen and ox^en were found by Norrish and Foord 
( 1935 , figure 3, p. 204) to be 0*17 and 0*62 mm. respectively, indicating 
that nitrogen peroxide and nitroqrl chloride are almost equivalent in 
oatidytio and inhibiting power.) At ooncentrationB outside these limits a 
slow reaction occurs, the rate of which is smaller the further the con¬ 
centration from the appropriate critical value. 

Induction periods. The onset of both ignition and slow reaction is 
preceded by an induction period during which no appreciable pressure 
change occurs, but which is terminated by a slight temporary rise of 
pressure. In this respect, and also in the fact that the plot of induction 
period against nitrosyl chloride concentration is continuous and shows a 
minimum value, this system strongly resembles the E[t- 0 |-N 0 | system. 
Comparing figure 1 of this paper with figure 3 of the paper by Norrish and 
Foord, difierenoes are apparent. First, the minimum induction period lies 
at sensitizer concentrations less than i.e. in the region of slow reaction 
and not in the ignition region, which is the region of maximum catalysis. 
This has also been found under certain conditions with nitrogen peroxide 
(see the curves of figure 4, p. 401 of the previous paper). Secondly, the 
transition from very long induction periods to measurable induction periods 
in the region of slow reaction below the lower limit occurs in a much 
narrower range of concentration than when nitrogen peroxide is used as 
a catalyst. In both cases these induction periods and concentration limits 
are reproducible and the induction period at the upper limit is always 
larger than that at the lower limit. 

The dow reaction. Although no quantitative measurements were made 
of the pressure change which takes place during slow reaction, the reactions 
at concentrations immediately below the lower limit were considerably 
faster than those immediately above the upper limit. 

The effect of irradiation. Measurements over two ranges of sensitizer 
concentration embracing the upper and lower limits showed that irradiation 
does not alter the mduction periods or the explosion limits, either when the 
mercury-vapour lamp was used, or when an 18 mm. thick water filter was 
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interposed between the carbon arc and the reaction veeael. When tiie oarbon 
arc was need without the water filter the induction period waa appreciably 
shortened. That this shortening was due to the heating effect of the infin- 
red radiation from the arc was shown by the fruit that it was only per¬ 
ceptible when the thermocouple recorded a rise in temperature during 
illumination. This photo-insensitivity is in striking contrast to the nitrogen 
peroxide system, where under similar oonditions Norrish and Foord ( 1935 ) 
found the induction periods to be annihilated. 



Fioubk 1. The vanation of the indootion period (r) of 100 mm. mm . O, 

with concentration of nitrosyl chloride at 367° C in conical quarts reaotiim vessel. 
Broken line and □ mdioates ignition, full Ime and Q indicates slow reaction. Vertical 
broken lines mark upper {Pp) and lower (Pj^) limits. 

The effect of foreign gases. Addition of carbon dioxide, nitrogen, argon 
and helium to an explodable mixture of H|-0|-N0C1 eventually suppresses 
the ignition. Reference to figure 2 shows that the relative magnitudes of 
the quenching pressures, i.e. the partial pressures of foreign gas necessary 
to suppress ignition, are 


CO,:He:N,:A::l;8-l:3-8:6-3, 
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aimost identioal toith the Hi-OcNOg system,* The indnotion periods, on 
the other head, are shortened by these gases, not lengthened as is the ease 
with nitrogen peroxide, and the order of effeotiveness in shortening the 
induction period is not the same as that for quenching ignition. As is 
apparent in figure 2, for small amounts of foreign gas, i.e. up to 60 mm., 
carbon dioxide has most effect, nitrogen occupies second place, whilst 
argon and helium are almost equally effective and jointly take third place. 

The effect of 60 mm. of these gases on the steady reaction rate of 
160 mm. 2H,+0| at a concentration of sensitizer greater than the upper 
limit P^ was also studied. The relative values of the velocity constants of 
mixtures containing 0*84 mm. NOCl in the conical vessel of 367° C are 
given in table 1. All these gases slow the reaction down, but their order of 
effectiveness in this respect should be contrasted with their relative 
efficiencies in quenching ignition. The most striking and important differ¬ 
ence is that although within the limits of experimental accuracy argon and 
helium have the same effect on the slow reaction, helium is much more 
effective than argon in preventing explosion. 

Tablx 1. Thb swkot of 60 mi. of fobkion gas on the 

VELOCUTy CONSTANT OF THE 81X)W REACTION 

Foreign gas — He A CO| N, 

Relative velocity constant 1*0 0*89 0-86 0'66 0-68 

Methane, which is itself combustible, behaves quite differently from the 
other gases. It is over a hundred times as efficient as carbon dbxide in 
quenching the ignition, and it causes the induction periods to be lengthened. 
Oxygen in excess of the stoichiometrio proportion is much more effective 

* The absolute magnitudes of the quenching p re eeuree are of the same order in 
the two oases. Thus Daonton and Nomah (1941) found that for 106 mm. 2H, + Ot-(- 
2*86 mm. NO| in a quarts oyhndrioal roaotion veaeel at 377° C the amounts of the 
various gases required to quench explosion were 

NO, 00, Ho N, A 0, 

0-26 21 67 68*6 114 133 mm. Hg, 

whereas for 160 mm. 2H, + 0, + 0*696 mm. NOCl in comoal quarts reaction vessel at 
367° C the quantities are 

NOa CO, He N, A O, 

0*21 16*6 49 60 100 116*6 

When the figuree for the NOCl system are multiplied by the factor [NO,]/[NOCl] 
ghrm in the first oolumn we obtain 

0*26 10*6 68*6 71*6 119 130 

which compare favourably with the NO, system. 
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th«.n any of the other gaaee in shortemug the induotion period, but ia the 
least effective in quenching ignithin. This extreme effect is doubtless due 
to the &ot that, in addition to its physical effect on chain development 
the ignition condition, oxygen, as a reactant, plays a pcut in the 
propagation of chaina. 



Ftauiui S. The efliMt of vanous gaaes on the induotioa period of a mixture oon> 
taming 100 mm. H„ SO mm. Og and 0-S96 mm. NOCl at 367° C in conical quarts 
reaction veeeel. Broken line indioatea ignition, full line alow reaction, o helium, 
O mtrogen, A argon, □ carbon dioxide, 0 exoeea oxygen. 

Sffeet of Mol preaswre of reaetants. At a given temperature passes 
through a maTimnm value and then declines as the pressure increases. 
This is illustrated for four temperatures in figure 3, from which it will be 
seen that the maximum value of occurs at a total pressure in the neigh¬ 
bourhood of 160 mm. In the Hg-0,-N0| system a similar dependence of 
Pi; on total pressure is found, but the value of the “inversion pressure” is 
300 mm. (see .figures 1 and 2 of Part V; and Norrish and Dainton 1939 ). 

The similarity between the two systems extends to the effect of total 
pressure on the induotion period at constant concentrations of sensitixer. 
In both oases the induotion period falls off continuously from very high 
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▼aloM at low piMBarM to an almoet oonitant steady yahie at piessnies. 

As figure 4 and table 2 illustrate, the curve of induction period against total 
pressure is asymptotic with lines parallel to both axes and does not satisfy 
the equation 

pr constant, 

the deviations from this equation being most marked at low pressures. 

Tabli 2. Thb vabiatiob or thb dtottotiok pibiod (r) abd thb fboduot 
(pr) or 2H, + Ot mxtubbs ooNTAimifro 1-47 mm. NOG, with tOTAL 
fbsssubb (p) or aiAcrrAirra. TxMPBBATiraB - 366° C. Cyundbioal 

QUABTZ BBAOnOK VBSaEL, 26*0 MM. DIAUBTXB 

Total prasBuro pin mm. Hg 60 78 100 180 SXO 800 420 

Induction period in sea. SR300 SR 114 *66 *88 *30 *10 SR7 

Product pr 18.000 8,880 6,600 8.700 4,400 8,000 2,040 

SR indicates slow reaction. * indicates ignition. 

Effect of temperature. Rise in temperature facilitates both the branching 
and propagation of reaction chains and hence causes the upper limit 
(P( 7 ) to rise and the induction period (r) to fall. In figure 6, loguP^^ is 
plotted against 1/7'° K, and it is seen that except at the lowest temperature 
and low total pressures these two quantities are related by an equation 
of the form 

log. Per >■ - EjET +constant. 

Both the constant of this equation and E increase with pressure, the actual 
magnitudes being given in table 3 below. 

Table 3 

Total pressure in mm. Hg 78 180 300 420 

JSinkoal. 18-8 18-8 84-1 81-3 

Value ofthe constant (to third place only) 12'0 lQ-1 20-1 28-4 

CoNOLtrsiOH 

Since at a given temperature and pressure of reactants, the ignition is 
confined between two oonoentrations of nitrosyl chloride, this compound, 
like nitrogen peroxide, can play the dual role of catalyst and anticatalyst 
for the combustion of hydrogen. The efficiency of nitrosyl chloride in these 
respects is about the same as nitrogen peroxide, and the similarity also 
extends to the dependence of the induction period on catalyst concentra¬ 
tion. In both oases the plot of the induction period against catalyst con- 
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oantratdon is a smooth curve shoving a minimum, and the induction period 
at the upper limit (r^) always exceeds that at the lower limit (Tj^). The 
upper limit {Pu), and the induction period at constant nitrosyl chloride 
contmit, vary with total preesure of hydrogen and oxygen in a precisely 
idmilftr fuhion as when nitn^n peroxide is used. Although addition of 
foreign non-reactant gases to explosive H|-0,-N0Cl mixtures of constant 
composition lowers the induction period, addition of sufficient of these 
gases quenches the explosion, the relative amounts necessary to achieve 
this being 

A:N,:He:CO,::6-3:3*8:3ri, 



FiQUiug S. Variation of log^ Pv 1/7 at different total preeaures of 
reactants. Quarts reaction veoBol, internal diameter 26-0 mm. 

i.e. virtually the same as in the Ha-Oa-NO, system. These similarities will 
be shown in Part VII to imply the same physioal conditions for ignition 
as is the case when nitrogen peroxide is the sensitizer. 

Such differences in the behaviour of the two systems as do exist provide 
clues to the reaction mechanism by which the explosion condition is 
attained. Thus since light capable of dissociating nitrogen peroxide has no 
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efieot on induction peiiodB of nitrosyl chloride mixturee it is obviously not 
possible to explain the sensiticing power of this compound as due to nitric 
oxide and nitrogen peroxide to which it may give rise. Further nitrosyl 
chloride is a slightly more powerful sensitizer than nitrogen peroxide, a 
£s«t which indicates that the latter compoimd is not the real catalyst in 
this case. In Part VII these and other facts are further discussed and 
correlated with the conclusion that the effective initial centres are chlorine 
atoms. 
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VII. A chain-thermal theory of the reaction between 
hydrogen and oxygen sensitized by nitrogen peroxide 
or nitrosyl chloride 

By P. S. Dainton and R. G. W. NoBsiaH, F.R.S. 

Laboratory of Phyaical Chemistry, Free School Lane, Cambridge 

{Received 21 May 1940) 

Both these reaotiona are ohain prooeasea for which the net branching 
factor ^ la inveraely proportional to the induction period. By applying thia 
relation to the experimental results described in Parte V and VI, it » 
shown that ignition only occurs when the net branching factor attains a 
value determined by the sum of two quantities, one proportional to the 
thermal capacity and the other proportional to the thermal conductivity. It 
IS pomted out that this ignition condition cannot be accounted for by any 
isothermal theory of igmtion, but that it may readily be deduced from a 
thermal theory m which explosion is visualized as occurring only when the 
imtial reaction rate, m a favourable volume element, is large enough to 
ensure that a critical temperature T, is reached m a critical time t,. 

Theories of reaction kinetics are developed from these two systems which 
give ^ in terms of the experimental variables. The expressions so deduced lead 
to a dependence of the induction period on these variables identical with 
that found experimentally. The effects of vessel diameter, surface condition, 
temperature, and concentrations of sensitizer, reactants and foreign gases 
on the explosion are satisfactorily accounted for by substituting these 
expressions m the ignition condition of the oham-thermal theory. 


The existence of critical pressure limits of sensitizer and reactants 
bounding an explosion region, and of induction periods preceding both slow 
reaction and ignition, in the catalysis of the combustion of hydrogen by 
traces of nitrogen peroxide and nitrosyl chloride which is described in detail 
in the two previous papers, is unmistakable evidence of the chain character 
of these reactions. Hinshelwood and Williamson ( 1934 ) and later von Elbe 
and Lewis ( 1937 ) have given theoretical treatments of the first of these 
reactions, based on the results of Thompson and Hinshelwood ( 1929 ). In 
these treatments, reaction schemes are developed which, in the notation 
used in this paper, give the branching factor in terms of the experi¬ 
mental variables, such as temperature and concentration of reactants and 
sensitizer. Self-neutralization of the centres is neglected, and the oonoen- 
[ 4*1 ] 
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tration of centres, n, is supposed to increase with time (, when ^ is positive, 
according to the equation 

n-|(e^-l), ( 1 ) 

where B is the rate of production of centres in prinaary processes, whereas 
when if) is negative, n approaches a steady value of asymptotically. 
The boundary between ignition and slow reaction, i.e. the dependence of 
the upper and lower limits on the other parameters, is obtained by equating 
the expression for ^ to sero. Since theee experiments of Thompson and 
Hinshelwood however, Norrish and Griffiths ( 1933 ) and Foord and N<nrish 
( 1935 ) discovered the light sensitivity and induction periods of this reaction, 
and on the basis of their results propounded a chain-thermal theory of 
explosion, in contrast to the chain-isothermal theories of Hinshelwood and 
his co-workers. To include theee data von Elbe and Lewis later, ( 1939 ), 
modified the details of their eariier reaction mechanism, but retained tiie 
isothermal condition of explosion. This theory was claimed to furnish ‘a 
complete description of the experimental data*. 

There are several reasons why this claim may not be admitted. First, 
in conceding that the sudden increase in pressure which occurs at the end 
of the induction period of the slow reaction is due to the local failure of 
isothermal conditions in the centre of the vessel, they imply that a similar 
state of affairs precedes ignition, and hence that the explosion does ru4 
take place isothermally. This point had already been made by Foord and 
Norrish ( 1935 , p. 211). Secondly, in order to explain Foord and Norrish’s 
observation that the induction period at the lower limit is shorter than at 
the upper limit the authors are compelled to make the artidoial assumption 
that the true lower limit is lower than the experimental one, a tacit 
admission that a positive value of ^ governs the ignition at this point. 
Thirdly, as pointed out in the present paper, the effect of an increase in 
pressure of reactants or of addition of foriegn non-reactant gases which 
would be predicted by their theory is in conflict with the facts described 
in Part V. 

According to the theory of branohmg chain reactions, a discernible re¬ 
action rate is only attained when n reaches a critical value n^, i.e. after an 
induction period r given by 



Variations in the logarithmic term of this equation will not be important in 
determining the value of r when ^ has flnite positive values, and hence an 
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inenaaing induction period may be taken as diagnostio of a decreasing 
This fact is the basis of a general test of all isothermal theories of explosion. 
In the partioular case of tiie H|-0|-N0, system; Thompson and Hinshelwood 
have ^own, and we have oonflrmed, tlmt at pressures above 300 mm. the 
upper limit deoteases and the lower limit increases, i.e. the explosion r^on 
shrinks, as the total pressure of reactants increases. According to “iso¬ 
thermal’' theories, ^ at constant concentration of nitrogen peroxide corre¬ 
spondingly decreases from positive values in the explosion region through 
zero at the explosion boundary to native values in the r^on of slow 
reaction. The induction period (r) at constant concentration of nitrogen 
peroxide ought therefore to increase with pressure of reactants. Actually, 
both in this system and in the H,-Oa-NOCl sjrstem the induction periods 
decrease with total pressure to almost constant values. This discrepancy will 
be found in all isothermal theories which define the explosion boundary as 
the locus of all compositions for which ^ is zero. 

Since at any given sensitizer concentration the explosion is confined 
between upper and lower pressure limits, and the induction period is much 
greater at the lower than the upper pressure limit, it follows that ^ at each of 
these bounding pressures must be different, being higher at the upper limit 
and vice versa. Now any chain theory of ignition, thermal or isothermal, 
assumes that 0 has positive values within the explosion r^on, and hence 
since there is slow reaction above the upper total pressure limit we are faced 
with the corollary that slow reaction can occur when ^ has positive values, 
but that for explosion to occur, <j> must attain a finite positive value which 
increases with total pressure. 

Foord and Norrish, who, for different reasons than those given here, had 
already arrived at the conclusion that <f> was positive in the H,- 0 |-NOt 
system, pointed out that this might be so, if the reaction centres can re¬ 
combine at a rate proportional to the square of their instantaneous con¬ 
centration. Under isothermal conditions, the number of centres is then 
restricted to an equilibrium value n, given by 



and their growth with time given by 

+ (4) 

where 9 is the velocity constant of the self-neutredization process. 

The end of the induction period both for slow reaction and ignition is 
marked by a slight temporary pressure increase, which since the formation 
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of water from its elementa involTee a preesure deorease, must be attributed 
to a rise in temperature oauaed by the exothermioity of the reaction. Foord 
and Norriah visualized explosion as occurring when the evolution of heat 
associated with this equilibrium concentration of centres, and of which the 
temporary pressure increase is a manifestation, occurs in a favourable volume 
element at a rate exceeding the rate of removal by conduction. If i and 
d are constant this means that before explosion can ensue, ^ must attain a 
certain critical value dependent on the thermal conductivity of the system. 
The present paper deals with a refinement of this idea and with its applica¬ 
tion to both the H,-0,-N0, and Hj-Og-NOCl ^sterns. Schemes of reaction 
kinetics for both systems are suggested, which give 6 and ^ in terms of the 
experimental variables, and which are in accord with the experimental data. 



(«) (6) 

Fiousx 1. The variation of ^ with pressure p and sensitizer oonooitration «. 
Valuea of ^ taken from tho equation on p. 42S. 


GBNBBAli 8IQNIFIOANOS OF THE EXPEKOtENTAIi BESULTS 

Since the effect of self neutralization of the centres on their development 
with time is not important until high concentrationB, greater than are 
reached, the equation (2) is still valid and an increasing induction period 
may still be taken to imply a decreasing ^ and vice versa. Applying this 
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method to the experimental data given in Parte V and VI the following 
oonoluaions may be eummarized: 

(1) From the variation of the indnotion period with sensitieer conoen- 
traction (Part V, figrue 4, and Part VI, figure 1), ^ ia clearly a quadratic 
function of the sensitizer concentration «. A function of the type 


where B and D are arbitrary constants, would give the required depend¬ 
ence of r on « for both systems. This function is plotted in figure 1 [b). 

(2) Since Tj; >Tj^ (Part V, figure 4, and Part VI, figure 1), it is clear that 
for both systems^,^ > tjtfj. This conclusion is also consistent with the observed 
higher reaction velocities in the neighbourhood of the lower limit as com¬ 
pared with those just above the upper limit. 

(3) At constant sensitizer concentration the induction period for both 
these systems, when plotted against reactant (2H,-f O,) pressure, bos on a 
smooth curve convex to both axes and apparently asymptotic to lines 
drawn close and parallel to both axes (see Part V, figure 3, and Part VI, 
figure 4). At low pressures ^ clearly has very small values, but moreases 
with pressure to a value which is independent of pressure. The equation 


would satisfy these requirements ,and the curve of ^ against p of figure 1 (a) 
has been obtained by assigning arbitrary values to the constants of this 
equation. For the purposes of figure 1 and hence also equations (6) and (6) 
rile expression 


<!> 


5xl0-»ps 10* 

200s2p 


has been used, where p and s are respectively the pressures in mm. of 
reactants and nitrogen peroxide, and the numerical constants are reasonably 
selected in view of the results and the known velocity constants of certain 
of the chain processes at 600° abs. A similar expression would apply to the 
nitrosyl chloride case, but this has not been evaluated. 

(4) The value of ^ which must be attained before explosion can take place 
increases with pressure. It will be shown later that if is this critical value 
of the net branching factor then 

if>^ = A’p-\-B', (7) 


Vd 
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where R is usually the more important term and is proportional to the 
thermal oonduotivity of the system, whilst the ooeffident depends cm ^ 
thermal oapaoity of the system. 

(6) Irradiation with wave-lengths adequate to dissociate NO| NO + 0 
and NOCl « NO + Cl has no effect on the limits of ignition in either case. As 
the condition for ignition, whether the thermal or isothermal theory be 
adopted, is not altered by irradiation it must be concluded that neither is ^ 
altered. When nitrosyl chloride is used as a sensitizer the induction periods 
are unaltered by irradiation, and hence 0 is also unaltered. On the other hand, 
when nitrogen peroxide is used, the induction periods were found by Foord 
and Norrish to be shortened by light capable of liberating an oxygen atom 
firom the sensitizer, this shortening being the greater the more intense the 
incident light. It can only be concluded that in this case 6 is greatly increased 
by irradiation. 

(6) Rise of temperature affects both reactions in the same way, causing 
the induction periods to be shortened, and the upper limit (Px;) to be raised, 
\oggPf; being approximately proportional to the reciprocal of the absolute 
temperature (see Part V, figure 6, and Part VI, figure 6). This may be inter¬ 
preted by assuming the constants A and B of equation (6) to be exponen¬ 
tially dependent on temperature in the same manner as velocity constants. 

(7) In a given vessel at constant temperature the induction periods of 
H,-0,-N0] mixtures of constant composition are raised by sufficient of any 
added gas, being very markedly affected by methane in this respect (see 
Part V, figure 8). At the same temperature in the same vessel. A, He, N, and 
CO| and O, in excess of the stoichiometric proportion, lower the induction 
period of mixtures of H,-0,-N0Cl of constant composition, whilst methane 
has the same effect on both systems (see Part VI, figure 2). Clearly <}> is 
lowered by non-reactant gases in the NO, sensitized reactions under the 
same conffitions that it is raised in the NOCl sensitized reaction. The 
ultimate quantitative effect of these gases on the exploaibility of the two 
systems, as measured by the quenching pressures, is, however, substantially 
the same (see p. 404 of Part V and footnote, p. 416, of Part VI). This fact 
indicates that in each case the critical value of ^ which must be attamed for 
explosion to occur (^e), is altered to the same extent in each system, and 
that the alteration in is much laiger than the change in (j>. 

(8) The fact that the slow reaction of given H,-0,-N0Cl mixtures is 
retarded by inert gases although the induction period is shortened (see 
table 1, Part VI), is clear evidence that the steady reaction rate does not 
depend on alone, and receives ready interpretation if it is conceded that 
centres may recombine in three-body collisions. 
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(9) The rasolte summuised in table 6 of Part V show that the effeot of 
deoreaaing vessel diameter is to decrease Pjj and increase i^. The induction 
periods at these limits do not show any progressive variation with vessel 
diameter over the range ft-30 mm. and hence the explosion condition is the 
same. The dependence of Pxj and on d is therefore to be attributed to change 
of surface deactivation as it affects This point of view is confirmed by the 
fact that the induction period of mixtures of constant composition is always 
increased by decreasing the vessel diameter or by coating the surface with 
KCl. If of equation (6) is a function of the surface condition and pro¬ 
portional to 1/d* the observed results can be accounted for. 

The effect of surface has not been -so closely examined in the NOCl 
catalysed reaction, but from the fact that inert gasra shorten the induction 
period, i.e. ruse a surface deactivation term must clearly be includ^ in 
the expression for 

These frwts must be accommodated by any comprehensive theory of 
reaction kinetics and the ignition conditions in these two systems. 


Ths chain-thbbmal thboby 

The ignidan condition. It has been argued (p. 423) that in the H|-0,-N0, 
system, the self-neutralization of the centres must be considered. This 
argument was based on the contrast between the observed dependence of 
the induction period on total pressure and concentration of nitrogen 
peroxide, and the effeot of pressure on the ignition limits; and will therefore 
also be valid for the H,-Og-NOCl system where similar phenomena are 
encountered. In both oases, as soon as the induction period is over, the 
reaction will proceed at a rate proportional to pn,,, n, being defined by 
equation (3) and d is a quantity which to a first approximation is propor¬ 
tional to [if], the sum of the concentrations of all the molecules present. 
Since d is the velocity constant of a ternary collision process it will be small 
and 430 can probably be neglected in comparison with f&*. The potential 
equilibrium reaction rate (&;«) at the end of the induction period will be given 
by the simplified expression 

0p 


■ hpn, ■■ 


where 3' = 


■3'[if]' 

, and k is the velocity constant of the propagation reaction. 


3 

“Wife’* 

Now both of these sensitized reactions are exothermic (67,000 oal./gmo1. 
of water formed), and as they develop their temperature will rise, but also 
reactants will be consumed. Rise of temperature is known to cause ^ to 
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inoreaae; and oonanmption of leaotantB may oanae ^ either to decrease 
oontinuonsly (in the region of the lower limit), or to deorease only after an 
initial increase (in the region of the upper limit). Depending on the magni¬ 
tude of the initial rate, the precise dependence of ^ on temperature and 
mixture composition, and the thermal capacity and conductivity of the 
system, so will the temperature either rise very rapidly (both dTIdt and 
d^Tjdf^ being positive) to a high maximum value, most of the reactants 
being consumed before this temperature maximum is attained, Ur rise 
slowly {dT/dt positive but d^Tjdt' n^ative) to a low maximum value, only 
a fraction of the reactants being consumed. The physical conditions 
remaining constant, there will thus be a minimum initial reaction velocity 
which will ensure the first state of {dfurs. Owing to the concentration 
gradients of reaction, centres within the reaction vessel, which are imposed 
by the deactivating infiuence of the wall, this critical reaction velocity will 
be attained most easily in the elements of volume lying at the centre of the 
reaction vessel. When this velocity is attained, neighbouring less favourable 
volume elements will be heated to ignition, which will therefore spread 
throughout the whole vessel. 

If C, is the thermal capacity, assumed constant, of the most favourable 
volume element at unit pressure, f is a constant proportional to the 
thermal conductivity of the gaseous medium round it, the initial tem¬ 
perature, T the temperature after time t, and Q the heat liberated for every 
gram molecule of water formed, then 

= P(^rdT+K{T-To)dt, (8) 

where N is Avogadro’s number and ^ >= ^o/i(^)/fU)i/i(?’) expressing the 
temperature dependence of ^ and /,(() the time dependence. Even if these 
functions/i and ff were precisely known, which they are not, equation (8) 
could not be integrated analytically.* It is known, however, that ^ increases 

* Numerical integration of this equation, after snleoting the ftmction8/i( T) and/,(() 
appropriate to the particular explosion under consideration, has already been carried 
out by several authors. Thus Rice, Allen and Campbell (1935), and later Rioe and 
Campbell (1939), assuming an exponential increase with temperature and an exponen¬ 
tial decay with time of the non-cham but explosive decomposition of ethyl aside m 
the presence and absence of diethyl ether, have obtamed the first part of a family of 
curves similar to that described here. Appm, Cbanton and Todee (1936), assuming 
almost idmtical functions to Bioe st al. for the decomposition of methyl nitrate, have 
also calculated T/t and percentage decompoeition/time curves which are in accord 
with the qualitative ideas deesnbod here, b both these oasee, however, the induction 
periods are very short, of the same order of magnitude as the time of adrmttance of the 
reactants to the reaction vessel. It is questionable therefore whether a theory, the banc 
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with T and must eventually decrease with t. In this case by assuming 
constant arbitrary values forpC,, K and QplNlf[M] a family of curves would 
be obtained for T plotted against t, each curve corresponding to a given 
value of ^o> showing a maximum value for 7 as in the diagram of 

figure 2a. Associated with each of these curves in 2a is one in 26 showing the 



Fiourk 2. (a) The temperature T after tune t. (6) The percentage of reaction which 
haa taken place after time t. The numben 1, 2, 3, 4, 5, 6 represent the values of ^ 
on an arbitrary scale In this case the ontieal value of bounduig the igmtion la 3-6. 


fractional amount of combustion after a certain time. This family would be 
split into two groups, the transition from one group to the other occurring 
continuously, but very rapidly, over a very small range of values of 
In one group the maximum temperature is high, d*Tldfl is positive and this 
corresponds to explosively rapid luminescent reaction in which most of the 
reactants are consumed. In the other the maximum temperature is only 
slightly above T^, d^Tjdfl is never positive, and this corresponds to slow 

premise of which m that the gases are initially at a uniform temperature and pressure, 
can be applied to these reactions m which there is scarcely time for hydrodynamic and 
thermal equihbrium to bo attained before an appreciable amount of reaction has 
occurred. This criticism dearly does not apply to the application of this theory to the 
H,-0,-NO, and H.-Og-NOa systems, which are oharactorixed by long mduction 
periods during which no pressure change occurs. 
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non-luminesoMit teaotion. In both oases a temperature rise does ooour, 
which will be evidenoed by an increase of preesore such as is found to mark 
the end of the induction period. 

The bounding conditions for the two types of curve may be visualised 
as the attainment by the volume element of a oritioal temperature 3^ in a 
short critical time tg during the first “burst” of reaction, whilst the rate 
may still be regarded as atg. Mathematioally 

The increase in temperature of the volume element during the short time 
tg is probably almost linear, and hence we may write 

4>^^i\ACgp+BK). 

For ignition to occur in this system ^ must exceed a value tftg such that 

+ (9) 

where A and B are constants. This is the condition for ignition which will 
be adopted. 


ThSOBY of RSAOnON KINITICS 

(!) TAeH2-0|-N0,«ys(m. Two reaction mechanisms have been advanced 
by Foord and Norrish (1935) and von Elbe and Lewis (1939), which give ^ 
in terms of the concentrations of reactants. The latter scheme was devised 
to account on an isothermal basis for the decrease of and the increase of 
with total pressure, and as already pointed out, automatically yields an 
expression for ^ in confiict with the observed trend of induction periods 
with pressure (see Fart V, figure 3). It may also be objected, on similar 
grounds, that since this theory is capable of predicting a correct order of 
effectiveness of foreign gases in lengthening the induction period (this 
order should be the same as the order of efficiency of these substances as 
third bodies in the association process 

HO + NO,+M-HNO,fM 

and would be predicted as CO,>Ns>.4 >He, sinoe this order implies to 
these gases, when, as third bodies, they facilitate the recombination of 
iodine atoms (Rabinowitch and Wood 1936), bromine atoms (Rabinowitch 
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and Wood 1936; Smith, Ritchie and Lndlam 1937) and the formation of 
complexes such as HO, (Ritchie 1937) and NCI4 (Griffiths and Notrish 1934)) 
it automatically predicts the same order for the explosion-quenching 
efficiencies and is incorrect in that respect. Since, in addition, the experi¬ 
mental relations for the effects of vaasel diameter and surface condition on 
the explosion limits cannot readily be deduced from this scheme of reaction 
kinetics, it will be rejected. 

The scheme of Foord and Nortish on the other hand leads to an expression 
for ^ which when substituted in the explosion condition (^ » being 
defined by equation (9)) satisfies, with one exception, all the facts sum¬ 
marized in the preceding section. The exception is, that whereas the theory 
allows for a decrease of the induction periods as foreign non-reactant gases 
are added, in fact, the induction periods are lengthened (Part V, figxue 8). This 
fact coupled with the variation of the induction period with total pressure 
(Part V, figure 3) indicates that ^ may be decreased in a specific manner 
by foreign gases, but may not be decreased by an increase in the pressure of 
reactants. This is possible if the fraction of the total number of centres 
which are sufficiently highly energized to effect dissociation of a molecule 
of nitrogen peroxide on collision and thus cause branching, is unaffected at 
high pressures by a change in the amount of reactants but is reduced by an 
increase in the pressure of foreign gas. This suggests that these “hot” 
centres are occasionally formed by interaction of ordinary centres with 
molecules of one or other reactant in a highly exothermic process. Their rate 
of formation is thus proportional to the total pressure of the reactants. 
Such “hot” centres may be deactivated and thus revert to normal centres 
by collision with any molecular spedes present. Their rate of removal is 
thus proportional to the total pressure of the system, including that of the 
foreign gas. Other factors remaining constant, ^ is proportional to the 
concentration of hot centres, and hence would be exjieoted on these grounds 
to be decreased by foreign gases. 

Introducing this concept into the mechanism of Foord and Nonish 
(1935), we may distinguish two types of chain carrier: (1) ordinary centres X 
the concentration of which is denoted by n, which are capable of pro¬ 
pagating chains and which are subject to removal by wall destruction and 
by nitrogen peroxide, and (2) ‘hot’ centres Y described above, the concen¬ 
tration of which is denoted by n* and which are occasionally produced by 
the exothermic reaction of a normal centre X with one of the reactants, and 
which revert to ordinary centres by collision with any molecule. When that 
molecule is nitrogen peroxide they cause it to be disrupted into nitric oxide 
and an oxygen atom. It must be emphasized that the removal of a hot 
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centre does not terminate a chain, ae it always implies the production of a 
fiesh oentre. 

It is generally agreed (Foord and Norrish 1935; von Elbe and Lewis 
1939) that chains are initiated by the reaction of hydrogen with oxygen 
atoms produced by the dissociation of NO|. There have also been sugges¬ 
tions (Norrish and Griffiths 1933) that since this dissociation is endothermic 
to the extent of 71-6 kcal. the reaction 

N0 + 0,-N0,+ 0 

which only required 40*9 kcal. is the predominating source of oxygen atoms 
in the unirradiated reaction, the nitric oxide concentration being con¬ 
trolled by the equilibrium 

2NO, - 2NO + 0,-26 kcal. 

The equilibrium constant of tiiis reaction has been measured by Bodenstein 
and Ramstetter (1922) and caloulated by Zeise (1936) from spectroecopio 
data. The results agree and lead to a value for 

“ CO- 0*02 atmosphere. 

A typical equilibrium mixture at this temperature would be 76 mm. 0,, 
0-76 mm. N0„ and 0-24 mm. NO. Taking 6650 gmol. c.c.-^ sec.-^ as the 
velocity constant of the dissociation at this temperature (deduced from 
the value 2^2 , <rj,o, being taken as 3‘3 x 10~* cm. and E as 

30,000 cal.), the time for the attainment of equilibrium of a mixture which 
contains initially I'O mm. NO, is greater than 2600 sec. This is about 
one hundred times the order of mr^nitude of the induction periods under 
these conditions and hence the reaction NO + O, = NO, + O is an un¬ 
important source of oxygen atoms. The reaction scheme now takes the form 

Initiation (i,) NO, =NO + 0 

(*,) 0+N0, = N0 + 0, 

(jfc,) 0+H, =X. 

Branching (a) Y+ NO, X + NO + [ 0 ->-X]. 

Termination (/J) Z+NO, = destruction 

(y) X+wall = destruction. 

The hot centres T are produced by 

(t.) X + H,orO,-y 
and deactivated by (h,) 7+Jf -• X+if. 
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The figurea in brackets are the velocity constants. The wall removal of the 
hot centres Y and of oxygen atoms (process (4) of Foord and Norrish’s 
mechanism) are here n^lected, since in their passage to the wall the oxygen 
atoms are unlikely to survive repeated collisions with hydrogen molecules, 
and the hot centres will not outlive more than one or two collisions of type 
k,. Moreover, the experimental results do not demand incorporation of 
such reactions into the scheme. 

If /Sf is the concentration of nitn^n peroxide and p — \ [H|], then the 
above mechanism leads to the following equation for the development of 
the centres with time under isothermai conditions: 


where 

and 


^NO, 


^ = ®NO. + ^NO,«-^*» 

I 

__. _ I 


(10) 


(2) The H|'0|-N0C1 system. Numerous measurements of the velocity 
constant of the dissociation of nitrosyl chloride have been made but the 
most reliable are those of Waddington and Tolman ( 1935 ) which lead to a 
value of 6*127 X 10 * gmol. c.c.“‘ sec.”' at 368® C, If the fate of nitrosyl 
chloride were determined solely by the equilibrium 

2NOC1 2NO + Cl, -18-6 kcal., 

then appreciable amounts of nitric oxide would be formed in a minute from 
1 mm. NOCl. By the reactions 

2N0 + 0, = 2NO,+26*9 kcal. 
and NO + O, = NO,+O - 46*9 kcal. 

amoimts of nitrogen peroxide would be formed during the induction period, 
which, though small, would be large enough to be catalytically active. That 
nitrogen peroxide, so formed, is not the catalyst in this system is shown by 
the experimental observations (a) that ignition occurs in this system at 
lower temperatures than in the H,-0,-N0, system, and ( 6 ) that the induction 
period is unaffected by irradiation with light of wave-length and intensity 
sufficient to annihilate the induction periods in the H,-0,-N0, system. 

Although nitrogen peroxide is excluded as a source of oxygen atoms, it is 
still possible to construct reaction schemes, in which the same centres are 
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playing corresponding parts in the chain development of each system. Such 
schemes are however artificial, and demand the participation of inter¬ 
mediates such as nitroxyl chloride (NOfd) the individuality of which b 
by no means certain, and hence also of unknown equilibria such as 


2N0,a:=:i2N0Cl + 0, 

to define the concentration of such intermediates. If it is admitted that 
chlorine atoms can give rise to reaction centres by the almost thermo¬ 
neutral reaction 

a + H, = Ha + H-700 cal. 


then the principal criticisms which can be brought against these reaction 
schemes and which centre round the fact that the most likely effect of 
binary collisions involving one molecule of nitrosyl chloride, would from 
energy considerations, be the dissodation into nitric oxide and a chlorine 
atom, are avoided. We may construct the reaction scheme 


Initiation 


Branching 


(k[) NOa = NO -I- a - 38,600 cal. 
{k't) a + NOa* NO-H Cl,-I-19,600 cal. 
(ii) a+H, 

(«') Noa+x-NO+z+[a->x]. 


Termination (fi*) X+NOCl 
(/) X + wall 


destruction 

destruction 


which leads to values of Oyoci ^sooi 


and 


^Noa 




9^N0ca' 






( 11 ) 


where «' is the concentration of nitrosyl chloride. The effect of foreign non- 
combustible gases in shortening the induction period shows that there is no 
need to assume that hot centres are formed, and as will be shown later 
there is good reason for this. 

At first sight the fact that irradiation with light 2000-7000 A has no effect 
on the induction period would appear to invalidate this mechanism, because 
it would be anticipated that by increasing the number of chlorine atoms by 


NOa + Av-NO + a 


the term k[ and hence also 6 would be increased and the induction period 
shortened. In the Hj-Oi-^NO, system the thermal dissociation of niteogen 
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peroxide due to the high endoihermioity of the reaction is a very rare 
ooonrrenoe, and ooneequently the photochemical reaction may be more 
frequent under the experimental conditions. Foord and Norrish suggest 
that photo/ki thermal may have to be as large as 10 * to produce the 
observed effect on the induction period. Now the thermal dissociation of 
nitro^l chloride may be considered at 368° C as approximately 

€71,600 - 38,600/(12x691) = 10*-** 

times as rapid as the thermal dissociation of nitrogen peroxide. Hence the 
photochemical dissociation of nitrosyl chloride would have to be very much 
faster than the photolysis of nitrogen peroxide under the same conditions. 
Actually the quantum yields of 

NO.+Av-NO + O, 

NOa+*v-NO + a, 

are the same, and although the threshold wave-length for nitrosyl chloride 
(ca. 7600 A, Goodeve and Katz 1939 ) is much larger than for nitrogen 
peroxide (ea. 4360 A, Norrish 1929 ) yet the absorption coefficients appear 
to be lower over the frequency ranges for which measurements have been 
made for both of them (see Leermakers and Ramsperger 1932 ; Gkmdeve and 
Katz 1939 ; Holmes and Daniels 1934 ). It is therefore very likely that 
although light would cause a very large percentage increase in the rate of 
production of oxygen atoms firom nitrogen peroxide, only a very slight 
percentage increase in the rate of production of chlorine atoms would be 
caused by irradiation of nitrosyl chloride. This would appear to dispose of 
the only criticism which can be brought against this mechanism, which will 
therefore be tentatively adopted. 


Apflioatiok of thr ohaim-thbrmai. theory 

TO THE EXFBRIHBNTAI. BBSXn.TS 

Compaurison of the expressions for ( 10 )> (i^) 

equations ( 6 ), ( 6 ) and (7) shows that the theory from which the former were 
deduced gives a satisfactory account of the experimental results sum¬ 
marized in the latter. In the following paragraphs this theory will be shown 
to be satisfactory even with respect to details. 

(1) Seruitizer coneerUration 

At constant total pressure and in the absence of foreign gases ^^, 0 ^ and 
^ dependent on sensitizer concentration in a similar way which is 
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shown in figure 1 . So are and ^sOt ^no. substantially 

the same as was obtained by Foord and Norrish ( 1935 ), and since these 
authors obtained the trend of induction periods with sensitiser concentra¬ 
tion correctly, this theory will also be satisfactory. A similar trend would be 
predicted for the H|-0|-N0C1 system, and reference to Part VI, figure 1 will 
show that it has been found. 

Reference to figure 1 shows that at constant temperature, decrease of j> 
alone (« constant) would cause ^ to decrease oontinuotisly. For initial 
concentrations of sensitizer greater than that necessary to give the maximum 



Figure S. The usothorrasl variation of ^ with tune, i.e. /,((). Curve refers to 
initial oonoontrationa of sensitizer in the region of the upper limit, and curve to 
imtial concentrations of sensitizer m the region of the lower limit. 

value of decrease of s alone {p constant) would cause ^ to increase to a 
maximum value before decreasing. Hence, the decrease of p and a together, 
such as occurs during reaction, would lead to a time dependence of 0 as 
shown in the curve of figure 3. This is the state of affairs for reaction 
mixtures of composition in the neighbourhood of the upper limit. On the 
other hand, at the lower limit the decrease of p and a during reaction may 
be deduced from figure 1 as giving a time dependence (/,(0 of equation 8 , 
p. 428) of the form without a maximum as given by curve of figure 3. 

Because of this difference in /|(0> in a system in which pG^ and K are 
constant, the initial value of ^ 2 ; necessary to cause the volume element to 
generate the heat which brings the temperature to the critical value in 
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the ehort time and ao ensure ignition, will be larger than the initial value of 
^ neoessMy for the same purpose. There are two oonsequenoes of this, 
first, Ty should always exceed and firom Fart V, figure 4 and Part VI, 
figure 1 this is seen to be the case. Secondly, if the reaction rate is correctly 
given as {kp^)ld, the rate of the slow reaction in the immediate vicinity of 
the lower limit should be greater than in the vicinity of the upper limit. 
This phenomenon has repeatedly been observed, but as its significance was 
not fully realixed at the time, unfortunately no measurements were made. 

(2) Irradiation 

The great difference in the responses made by these two systems to 
illumination has already been discussed. 

(3) Tht effect of presawre 
(a) On the induction period. 

At constant concentration of sensitizer both and increase 

steadily with total pressure p — |[HJ, in the manner shown in figure 1 . 
At high total pressures it,[Ha]> 1;,^, and thus ^nO(> 

^Noa ^Noa independent of pressure. Hence at high pressures 

the induction periods should tend to steady values, as has been found. At 
lower pressures and ijs' > and neglecting the variation 

of the coefficients y and y' with pressure, reference to equations ( 10 ) and ( 11 ) 
shows that the four quantities f^NO,» ^noci and are all proportional 

to p. Substitution in equation ( 2 ) shows that the relation rp - constant 
should express the dependence of the induction period on pressure. The fact 
that the terms y andy' are inversely proportional to p, however, makes this 
relation the less valid the lower the pressure, and makes roc l/p*^ where 
n is always greater than unity, but decreases with pressure. 

(A) On the explosion boundary. 

The ignition areas will be bounded by two curves, the equations for which 
are obtained by equating the values for ^ under these conditions to the value 
of given in equation (9). The expressions so deduced are 

For N0,-H,-0, 


2ak,k,ps 
3k,(fc,s + fA,p) 


-pa-y = d'(ApC, + BK). 


For NOCl-Hg-0, 


^'k^p s' 


-ffa’-Y = S’(ApC^-\-BK). 
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y and y' are the probabilities that the centres will be removed at the wall 
and are proportional to the diffusion coefficients of the centres through the 
particular gaseous mixture. Writing y ^ Fjp and y* « F'p, and allowing 
for the fact that the thermal capacity pC, increases with pressure, whereas 
the thermal conductivity of a mixture of constant composition may be 
taken as independent of pressure over the range covered by experiment, the 
equations of the ignition boundaries become 

rorNoci 

For convenience we may distinguish two special oases, and for brevity only 
one of the above equations will be developed, since these equations differ 
only in the magnitude of the constants and the same behaviour will be foimd 
in the H,-0,-N0Cl as in the H,-0,-N0, system. 

(a) how sensitizer concentrations, s = and at all pressures 
and the equation for the dependence of the lower limit (F^) on pressure (p) is 

and there are clearly two positive values of the pressure for certain low 
concentrations of sensitizer. If has values such that the coefficient of p 
is positive, the variation of with total pressure is of the form shown by 
that part of the curve lying between 130 and 700 mm. in Part V, figure 2. 

ifi) High senstlizer concentration, s = P^ and at low total pressures 
k,s> |fc,p and the upper limit {Pf;) will be given by 



implying that the upper limit falls off rapidly with decrease in total pressure, 
principally due to the reduction in ^ caused by increased loss of centres by 
diffusion to the wall, i.e. the F/p term. At higher Mai pressures this term is 
small and almost constant, but neither h^s nor }k,p predominates over the 
other and 




-A'p-B'-y, 



439 


A stiudy of sensitized explosions 

indioating a decrease of Pj; with p. The upper limit should thus increase with 
p initially due to the fact that ^ is increasing with pressure more rapidly 
than The lower limit decreases for the same reason. At higher pressures 
the loss of oxygen (or chlorine) atoms in (or counterbalances to some 
extent the production of centres in that reaction, and as is shown by the 
trend of the inductions period with pressure tends to a constant value. On 
tiie other hand, due to the increase of self-neutralization and inoreaung 
thermal capacity of the system, continues to increase linearly with pres¬ 
sure. The quantity ^PMses through a maximum value and declines to 
zero, and causes the critical concentrations of sensitizer to converge at high 
pressures. In the H,-0,-N0, case the whole closed ignition region which 
was predicted was also obtained experimentally (Part V, figure 2). In 
the H,-0,-N0Cl case only the upper limits were studied, but they were 
found to conform to type. It will be noticed from Part V, figure 1, and 
Part VI, figure 3, that the ‘inversion pressmo’, i.e. the pressure at which 
Pu has its maximiim value, is about 300 mm. when nitrogen peroxide is 
sensitizer, and about 160 mm. when nitrosyl chloride is used. This differ¬ 
ence is readily interpreted when it is considered that, ceteris paribus, the 
larger X;, the smaUer the value of this inversion pressure. Schumacher 

s lO”*, from which it may be argued that 

the energy of activation of 

O-I-H^HO-I-Hcentres 
is at least 6 koal., whereas the reaction 

Cl-f-H,=HCl + H->centres-0-7 koal. 

probably has a lower value. In other words X;^>X;„ and the inversion 
pressure should be smaller in the NOCl sensitized reaction. 

(4) The effect of temperature on the ignition limits 
As the initial temperature Tg rises there will be some ohtuige in the 
explosion condition, but the vanation of <j> with temperature will be prin¬ 
cipally responsible for the alteration of the explosion limits. Neglecting the 
variation of collision and diffusion rates with temperature the dependence 
of the limits on temperature will be given approximately by putting the 
left-hand sides of equations (10) and (11) equal to constants. By definitions, 
a, X;„ p, y and a', /?', y' will contain no temperature dependent term. 
The rate of formation of hot centres in the nitrogen peroxide reaction will 
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however be increased by temperature, and so will the branching reaction in 
the nitroeyl-chloride reaction. Let A, ■■ and a' — 

There is no simple relationship expressing the lowering of the lower limit 
with temperature but for low total pressiues and high concentration of 
sensitizer we obtain by approximating as before 

for NO, fiPjj = ^ oonstantj 

and NOCl = 2 ai ^p _ ^ + constant). 

From Schumacher’s data is known to be proportional to 
k'Jk't is probably less dependent on temperature; would be deduced 

from the energies of the bonds which are involved*. If both the terms 
(r/p + constant) and (f'/p+constant) are small the relations 

. „ -(.B + 6 )koal. , 2 a*J 

for NO, log,i>„- gJ - 

<»Kl NOCl log,/!, = —•+ 

should hold. Relations of this type have been obtained experimentally and 
comparison with experiment for pressures less than the inversion values 
indicates that E is about 16,000 cal. and E' about 12,000 cal. 

At high total pressures a linear relation between logj^P^ and IjT is not 
rigidly obeyed,nor can it be deduced from the expression (9), (10) and (11). 

(6) The effect of surface 

The discussion in this pan^raph is confined to the nitrogen peroxide 
system. 

Bursian and Sorokin ( 1931 ) have shown that in cases of branching chain 
reactions with deactivation at the wall, coefficients of the type y may be set 
proportional to Djd* over a wide range of conditions, where D is the (hffusion 
coefficient of the centres through the gas and d is the vessel diameter. 

The favourable volume element from which ignition spreads is of very 
small dimensions and it is unlikely that the heat transfer conditions will be 
affected by variation of the diameter over the experimental range of 

• ki refers to the exothermic reaction Cl+NOCl = Cl,+NO which probably 
proceeds at every collision, refers to Cl + H, = HCl + H reaction which, from the 
heats of dissociation of the H, and HCl molecules, 103*4 and 102*7 kcal. respectively, 
is endothermic to the extent of about 1000 cal. 
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diameters. In oonfirmation of this point of view is the fact that tiie in* 
dnotion period at the upper limit, which is an indirect measure of ^ at the 
upper limit, does not show any progressive variation with diameter but has 
a value lying between 60 and 77 sec. for all diameters except one, between 
8 and 30 mm., both in vessels which have been treated with potassium 
chloride and in vessels which have not been so treated. At constant total 
pressure therefore the effect of vessel diameter on the ignition limits will 
be given by 








where e is a constant of proportionality. This equation may be simplified to 
meet two special cases, both concern^ with a constant low toted pressure 
and both of which have been realised: 

(a) At high concentrations of nitoogen peroxide « » P^, and 


Pu 


1 




a constant 


eZ> 


(b) At low concentrations of nitn^n peroxide s » fb|P > and 



Arbitrary values may be assigned to the constants in these equations such 
that the fiill lines of Part V, figure 12 are obtained. The two equations 
appropriate to the limits in the vessels treated with KQ may be obtained 
from the corresponding equations appropriate to vessels with normal surface, 
by multiplying the coefficients of l/<Pin the latter by 1-87. An interpretation 
of this factor would be that the effect of coating the walls with potassium 
chloride is to increase the efficiency of the surface in adsorbing those centres 
which strike it, by 87 %. 


s8 


Vol. 177 . A. 
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(6) The effect of foreign 1/aaes 

Addition of s foreign gae alten both the oritioal value of ^ which muat 
be attained for ignition and the ability of the system to meet this 
condition, i.e. ^ itself. 


(a) Induction periods. 

The branching factor ^ will be affected through the alteration of the dif¬ 
fusion coefficient and hence also of y and y'. All the gases will hinder the 
diffusion to the wall, but from the coefficients of self-diffusion it would be 
anticipated that CO| and N, would be more efficient than the inert gases. 
^ is thus increased, and if this were the only factor the induction periods 
would be shortened; carbon dioxide being very effectiTe, nitrogen leas so 
and the inert gases least. Such is the case with nitrosyl chloride as sensituer, 
but in the niteogen peroxide system this catalytic effect is opposed by the 
reduotinu in the stationary concentration of the hot centres by increase of 
the composite term l;«[Af], representing an increase in the gas deactivation. 
In vessels of large t^meter where surface deactivation is of negligible 
magnitude over the ranges of pressure concerned, addition of foreign gases 
would be expfKsted to lengthen the induction period. This is the case illus¬ 
trated in Part Y, %ure 8, from which it is seen that for small amounts of 
added gas the efficiency in lengthening the induction period depends, as 
might have been expected, primarily on the atomicity of the gas. At higher 
pressures this order is disturbed by the influence of the y term. Under 
conditions where high surface deactivation obtains and only the reactants 
are present, ^ could pass through a maximum value as the foreign gas is 
added. This has been realued in the 7-0 mm. diameter vessel which had been 


rinsed with eMjueous potassium chloride, where the induction periods of a 
given mixture pass through a minimum as the gas is added. 

The expression for the temperature dependence of the upper limit in the 
presence of a fixed amount of inert gas may be deduced by the methods 
given as 


log.^1/ 


-(fl?-h6)kcal. 
ST 


+ *ofe; 


2ap»Jfc; 


This equation implies that the addition of foreign gas merely causes the 
second term, which is independent of T to be reduced. Reference to Fart V, 
figure 10, shows that this has been verified for the case of addition of nitrogen. 


Although non-reactant foreign gases bring about a decrease in the 
induction period in the NOCl system, the same gases also retard the slow 
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reaction, so indicating that the value of ^ is not the only factor determining 
the reaction rate. This £sot oao. readily be interpreted by the ohain-thermal 
theory which leads to the expression 

‘"“life" “ >'j • 

The reaction rate is reduced by added gases because the retarding effect of 
the increase in self neutralization of oentxee term) outwe^hs the 

aooelerating influence of the decreased wedl removal term ( 7 '). For small 
amounts of added gas the order of efficiency of the gases in increasing ^ 
is known from Part VI, flgure 2, to be CO| > N, > A » He and the order of 
efficiency in retarding the reaction by increasing the self-neutralization 
of the centres is probably the same. Depending on the relative magnitudes 
of these effects any order of overall inhibitive efficiency might be produced, 
provided argon and helium were equivalent. The experimental order of 
N, > CO, > A 1 - He therefore is in agreement with the chain-thermal theory. 

(e) The quenching pressures. 

Although non-reactant gases increase the net branching factor in the 
NOCl oatalysed reaction and decrease it in the NO, catalysed reaction, 
their ultimate quantitative effects on the explosion, as measured by the 
magnitudes and order of the quenching pressures, are the same in each 
system (see Part VI). It can only be concluded that the effect of these 
gases on the ignition condition, i.e. the critical value of ^ which must be 
attained for explosion, is much more profound than their effect on the 
ability of the systems to meet this condition, i.e. <jt. 0 ^ will be altered by 
three factors: 

(a) The increased probability of self neutralization of centres will cause 
00 to be raised, and the order of increasing efficiency of the gases would be 
expected to be the order of increasing atomicity. This order, 

He<A<N,<CO„ 

receives confirmation from the fact that it has also been shown to apply to 
the cases where the gases facilitate the recombination of iodine and bromine 
atoms, and the formation of complexes such as HO, and NCI, (see p. 431). 

(b) Addition of equal pressures of these gases will cause the thermal 
capacity of the system to be increased by amounts proportional to their 
individual molal capacities. These are, at 16° C and constant volume: 
CO„ 6-67;N„ 4*9; A, 3 - 0 ; and He, 3 * 0 , and hence the increase 100 , associated 
with this property alone would be greater for carbon dioxide than for 
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nitrogen, and greater for niixogen tlum for argon and heUmn, the two laet 
named having the same effect. 

(c) The gaaeoue thermal oondnotiiTity will be changed. Although this 
cannot be evaluated, it is probably true to say that the addition of a gas of 
lower thermal conductivity than 2H,+0, mixtures will bwer the thermid 
conductivity and vice versa. The values of the coefficients of thermal 
conductivity in kilo-erg cm.-* sec.-* (* C om.-^) taken firom the /lUemotiofud 
CriUedl TabUs are H,. 16-9; 0„ 2-33; He, 13-9; N„ 2-28; A, 1 - 68 ; CX),, 1*87. 
Although the values refer to 273° K the correction for 6fi0° K will not alter 
the order. The thermal conductivity of 2 H,+0| mixtures at pressures where 
it is independent of pressure has been found by Wassiljewa ( 1904 ) to be 
about 10 unite. To a first approximation therefore the conductivity of a 
2 Ha+ 0 | mixture may be said to be lowered by oxygen and nitrogen to an 
equal degree, argon and carbon dioxide being a little more effective in this 
respect, whereas helium will raise the thermal conductivity, will be 
affected accordingly. 

If (pg depended merely on the factors (a) and ( 6 ) the quenching pressures 
would be expected to faU in the order 

CO,<N,<A<He. 

If also depended on factor (c) it would bo expected that the first three of 
these gases would still fall in this order, but that lees helium would be 
required to quench ignition than this order indicates. The experimental 
order of 

C50,<He<N,<A 

is in excellent agreement with this point of view. 


(7) The effect of methane 

Small quantities of methane cause a pronounced increase in the induction 
period in both these systems and it is clear that this gas affects the branching 
and development of the chains in a profoundly different manner firom tiie 
other gases. As a combustible it would be anticipated that it would react 
very readily with the chain propagating particles. An eTample of such a 
chain-ending reaction in the H,-0,-N0, system might be 

CH«-hO-CH,-|-H,0 
and in the H|- 0 |-N 0 C 1 system 

CH4-f-a-CH,-|-HCl. 
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Ths katttbs or ths ohaiit mbohanism 

In attempting to assign ohemioal identity to normal oentree X and hot 
centres 7 we can make use of the fact that in the NO,-sen 8 itized reaction 
the yariation of the upper limit with temperature indicates that an energy 
of activation of the order 15,000 cal. is to be associated with reaction 
for the production of hot centres by the reaction of an ordinary centre with 
a reactant. It follows that if the hot centre is the only product of reaction 
k^, the sum of its heat of formation and 16,000 cal. must be at least equal to 
the heat of dissociation of nitrogen peroxide, viz. 71-6 kcal. It is further 
deaiTable that the hot centre should possess a sufficiently long life to be 
subject to deactivation by other molecules in the system. 

Both these requirements are satisfied by r^^arding the association com¬ 
plex HOt when endowed with its energy of formation (ea. 64 kcal.) -i-16 kcal. 
as a hot centre, i.e. HO}; and HO« without this energy as one of the ordinary 
centres. The HO, complex is also inevitable in the NOCl sensitised reaction, 
since it is the only possible product of the interaction of hydrogen atoms 
and oxygen molecules at temperatures as low as 330° C. 

In both reactions HO, would be capable of propagating the chain by 

HO,-(-H, - H,0-hOH, 

HO -f- H, - H,0 + [H^^“ HO,]. 

The removal of centres by catalyst {fi and terms) might be 
HO-l-NOCl-NOj-t-HCl, 

HO-l-NO,-HNO,. 

These reactions are merely suggested as providing a possible mechanism 
and no claim is advanced that they are established by the present work. 


Conclusion 

The present work establishes the fact that the explosive combustion of 
hydrogen, sensitized by either nitrogen peroxide or nitrosyl chloride, is of 
the ‘ chain-thermal ’ type, and it draws attention to the discrepancy between 
the chain-isothermal theory proposed by von Elbe and Lewis { 1939 ) and 
the experimental results presented in Part V. It is concluded that, owing 
to the influence of self-neutralization of the reaction oentree, which has 
been shown to be operative, explosion does not occur when the branching 
just exceeds the deactivation, i.e. when the net branching factor <j> is positive. 
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but only when the branching exceeds the deactivation by an amount equal 
to the ram of two quantities, one of which is proportional to the thermal 
capacity and the other proportional to the thermal conductivity, and both 
of which are proportional to the velocity constant of the self-neutralization 
process. 

The net branching fiustor ^ may be defined in terms of the experimental 
variables; concentration of reactants and of sensitizer, amount and nature 
of foreign gas, temperature, vessel diameter and surfisMse condition; and 
may be regarded as a measure of the ability of the qrstem to meet the con¬ 
dition for ignition. The differences which are observed between the 
H,-0,-N0Cl and H,-Ot-XO, i^Btems in respect of the effect of foreign 
gases and pressure of reactants may be explained if it is assumed that 
nitrogen peroxide starts chains by virtue of the oxygen atoms which it 
yields on dissociation, 

NO, = NO-1-0, 

whilst mtrosyl chloride starts chains by virtue of the chlorine atom it 
yields in 

NOa = NO-ha. 

Both these dissociations may be effected either thermally, photochemicaUy 
or by collisions of a molecule of sensitizer with a highly energized centre. 

The authors desire to express their thanks to the Chemical Society and 
the Royal Society for grants for apparatus, and one of us (F.S.D.) is 
indebted to the Gkildsmiths’ Company for the award of a Senior Studentship. 
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Infra-red absorption spectra of some amino compounds 

By Lottk Kkllnsh 

(Cotnmunieaied by W.T. Aatbury, F.RJ3 .— 

Received 25 June 1940— Revised 21 November 1940) 

An investigation of the infra-red absorption speotra of five amino 00m- 
pounda (glycine, diketopiperaaine, tetramethyl-diketopiperaune, glyoyl- 
glyoine and urea) has been made m the region 8'8-8'6/». The aubetan^ 
were used m the form of thin crystalline layers deposited on quarts 
windows. 

The speotra are diaoussed with regard to the molecular structure of the 
oompounda under consideration. The number and position of the N—H 
frequencies m glycine and glyoyl-glycine are in agreement with the assump¬ 
tion that these two molecules are in the zwitterion form in the crystal. The 
close similmty between the spectra of diketopiperazine and tetramethyl- 
diketopiperazme on the one hand, and the ammo acids and urea on the 
other, proves that no laotam-lactim mterchange occurs m diketopiperazine 
and its derivative. Both compounds are shown to possess a centre of sym¬ 
metry. It follows from the (’xporimental evidence that in all the substances 
investigated resonance between the C —and C=0 bonds takes place. 

1. Introduction 

The infra-red absoqition speotra of five amino oompounda (glycine, 
diketopiperazine, tetramethyl-diketopiperazine, glyoyl-glycine and urea) 
have been studied between 2-8 and 3‘6/t. Though the Raman spectra of 
glycine and urea are known (Kahovec and Kohlrausch 1936 ; Kohlrausch 
and Pongratz 1934 ), the infra-red spectra of none of the five substances 
have been observed in this region. It was the object of these investigations 
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to determine the N—freqnenoiee near Z/i and the presence or absence of 
0 —bands, and to apply this knowledge to the elucidation of the moleoular 
structure. 

2. EXFBBUCSMTAL METHODS 

The quarts spectrometer used for these experiments has been described 
previously (Kellner 1936 ). As quarto shows considerable absorption in the 
spectral region under consideration, the spectrometer slits had to be opened 
to approximately 0‘7 mm. width, corresponding to a spectral range of 
0 * 022 / 1 . The wave-length calibration was carried out in the same way as 
formerly described, but above 3*18/t Drummond’s data ( 1934 ) for the 
refiractive index of quarts were substituted for Rubens’s values. Readings 
were taken at intervals of 0 * 01 / 1 . As the substances used are soluble, if at 
all, only in water or alcohol, both of which liquids have very intense absorp¬ 
tion bands in this region, it was necessary to study these compounds in 
the form of thin crystalline deposits on quarto windows. The two diketo- 
piperazines, which are nearly insoluble, were deposited from a suspension of 
the finely ground powder in absolute alcohol, while in the case of the other 
three substanoes a solution in alcohol or water was left to crystallize in a 
thin layer on the window. The thickness of this crystalline deposit was 
approximately 0*1 mm. Part of the window was left free from the dexKMsit. 
Hie window was then set in a holder before the spectrometer slit, and the 
light beam allowed to pass alternately through the uncovered and covered 
half of the window. The ratio of the two galvanometer deflexions obtained 
for the two positions of the quartz window gave the transmission of the 
compounds under investigation. Though the amount of scattered light in 
these layers is considerable, the absorption bands stand out distinctly 
from the general background. In the case of glycine and urea, two deposits 
were studied; one had been obtained from a solution in water and one from 
a solution in alcohol. The observed spectra were identical. 

3. Expebimental besdlts 

The results of the experiments are given in figure 1 , curves I-V, and in 
table 1. Figure 1 shows the absorption of the five compounds as function 
of the wave-lengths. Elaoh curve shows the mean results of five sets of 
measurements. In all oases, a band at 3300 cm.~^ was found in addition to 
those shown in the diagrams and the table, indicating the presence of 
0—H bonds. This bahd disappeared entirely when the substance was 
subjected to prolonged drying. It must be ascribed, therefore, to traces of 
adsorbed water in the crystals. 
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The observed bands are grouped round 3400 and 2900 om.-^ respectively. 
The latter group indicates the presence of C—H linkages and is absent &om 
the urea spectrum, while the 3400 group lies in the region of the N— 
frequencies. No selective absorption could be detected in the region between 
3170 and 3030 om.-^ 

wave number 


3500 3400 3300 32003030 3000 2900 2800 



7 90 3-00 310 335 345 3SS/x 


Fioube 1. Absorption curves of ammo compounds m the mfra-red. A, glycine. 

B, diketopiperasme; C, tetrometliyl-dihetopiperazme, D, glycyl-glycme; E, urea. 

4. Discussion op results 

In this paragraph the experimental results will be discussed with the 
view of ascertaining the molecular structure of the substances under in¬ 
vestigation. The case of urea has been omitted, as it has been dealt with 
separately in the following paper. 
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Tabub 1. Wavb mniBUts or ABSOBmoir baitos 




Tetramethyl- 




Diketo- 

diketopiper- 



Olycine 

pjpenunne 

asine 

Olyoyl-j^yoiae 

Una 

V 

V 

If 

r 

V 

— 

_ 

_ 

2800 

— 

2860 

2840 

2880 

2860 

— 

8890 

2880 

8880 

2980 

— 

— 

— 

— 

2950 

— 

— 

— 

— 

8020 

— 

3235 

— 

— 

— 

8218 

— 

3320 

3815 

3880 

— 

3840 

— 

8340 

8880 

— 

— 

3390 

8373 

3880 

8876 

3410 

3420 

— 

— 

8410 

3440 

— 

— 

8480 

3484 

— 

— 

— 

3450 

— 


(o) Olycine, NH,. CH,. COOH 

Glycine shows three bonds between 3460 and 3330, in addition to a weak 
band at 3236 and two bands near 2860 due to the vi^enoe vibrations of the 
CH, group. If the classical formula NH,. CH,. COOH is correct, two N—H 
bands and one O—H band can be expected near 3330, as well as two C—H 
bands between 2960 and 2860. The O—^H band should be very broad, but 
figure 1 shows that the three observed bands between 3460 and 3330 are 
all equally sharp. They are therefore all to be assigned to N—^H vibrations, 
in agreement with the X-ray analysis of glycine (Albrecht and Corey 1939 ), 
which indicates a zwitterion molecule of the form NH^". CH,. COO" in 
the solid state. 

The nuclear distances in the crystal are C—N = 1-39 A, C—C = 1-62 A, 
and the two C=0 distances are 1-26 and 1'27 A, i.e. practically identical. 
The C —N distance of !• 39 A is considerably shorter than the ordinary single 
bond distance of 1-47 A, and Albrecht and Corey conclude that resonance 
occurs in glycine between the C—and C=0 linkages. The results of the 
infra-red absorption measurements confirm this conclusion, as the N—H 
frequencies of C—N single bond compounds lie between 3330 and 3220 
(Bell 1927 ), while the N—H frequencies in aromatic comjiounds appear 
near 3450 (Bell 1925 ). In the case ofglycine, these vibrations have a position 
between these limits. Gaseous ammonia shows a doubly degenerate 
frequency, v 3407, and a single frequency, v 3336 (Howard 1935 ). In glycine 
the doubly degenerate vibration splits into the two oscUlations, 3440 and 
3410, in consequence of the lower symmetry of the molecule. The position 
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of the C—H freqaendeSt 1^2890 and >'2860, oonmqmnda to the preeenoe of 
aC—C angle bond, in agreement with the C—Cdutanoeofl'S2A.Theband 
i> 8285 has also been observed for urea, and may be assigned to the first 
overtone of the 0=0 vibration near 1660 om.-‘. 

The Raman spectrum of glycine has been observed by Wright and Lee 
( 1935 ), Kahovec and Kohlrausch ( 1936 ) and Edsall ( 1936 ). No trace of the 
N—H oscillations was found by these investigators, while Kahovec and 
Kohlrausch showed that they are present in the glycine eaters which possess 
an ordinary NH, group and no zwitterion structure. These results are in 
accordance with the assumption of ionic bonds in the NH^ group, as the 
Raman lines of ionic linkages are expected to have vanishing intensity. 
On the other hand, the infra-red bands will be very intense, as the dipole 
moment changes rapidly vrith the nuclear distance in heteropolar linkages. 

If it is assumed that the resonance in glycine confers the same amount of 
double bond character on the C—^N bond as in the case of urea, and corre¬ 
spondingly decreases the C =0 double bond, the same force constants for 
the C—N and C=0 valence forces should apply in both oases (see the 
following paper). If valence forces only are taken into account and the NH^ 
and CH| groups are treated as mass points, the following equations for the 
four valence vibrations of the NH^. CH,. C00~ molecule are obtained: 


/c-c /c-N ***Nni) 

***c /Wnh, ”*ch,/» 


The A, stand for 47 r*J^. The /(..p, /p_v and /c.o refer *<> C—C, 

C—N and C=0 valence force constants, respectively; y is the angle 
N—C—C *» 112 ® (Albrecht and Corey), and w the angle 0—C—O = 122®. 
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If the force coiutante, /o_k 6-6 x 10 * dynee/om. and /q^q «■ 9*7 x 10* 
dynefl/om., evaluated from the urea Bpeofrum (see the foUowing paper), 
are ueed, together with the commonly accepted value, /c_o ^ 
dynee/cm., the following valence vibrations are computed: 

» 840, t', =• 1822, Vf » 1420, >'4 » 1778. 

The calculated frequencies agree very well with the observed data, 870, 
1820, 1400 and 1650, when it is taken into consideration that the angular 
forces, which oontoibote considerably to the oscillations in this afpeotral 
region, have been neglected. It is permissible to leave the N—H and C— 
frequencies out of the calculations, as they lie so far away from the chain 
vibrations. Further confirmation of the resonance between the C—and 
C=0 bonds in glycine comes from the fact that the 0=0 frequency in the 
glycine esters and in the hydrochloric is considerably higher than in glycine 
itself (approximately 1720 as compared with 1660). 

(6) 2, B-diJheiopiperazine {glycine anhydride) (NH. CO. CH,), 

A short discussion of the spectrum of this substance has previously been 
given (Kellner 1937 ), but the new evidence on the crystalline structure 
(Corey 1938 ) and the near infra-red spectrum (Ellis and Bath 1939 ) demands 
certain modifications of the former interpretation. The analysis of the crystal 
structure of glycine anhydride makes it evident that a type of resonance 
similar to that in glycine occurs between the C—end C=0 bonds. The 
nuclear distances are OC—N = 1’33A, C—0 = 1-26 A, OC—CH| * 1-47 A 
and N—CH, = 1-41 A. The carbon, oxygen and nitrogen atoms lie in one 
plane; the molecule has a centre of symmetry and belongs to the symmetry 
group <8^(1). The hydrogen atoms are arranged symmetrically with respect 
to the symmetry plane. The relatively short carbon-carbon and nitrogen- 
methylene carbon distances seem to indicate that the C—C bonds are 
involved in the resonance, but this assumption is not borne out by the 
evidence of the infra-red bands. The two C—H frequencies, 2880 and 2840, 
are typical for CH, groups attached to C—C single bonds. As the glycine 
anhydride molecule possesses two CH, groups, four C—H frequencies may 
be expected, two of which, belonging to the symmetry classes Ag and Bg, 
will be forbidden in the infra-red spectrum. The presence of only two C—H 
bands confirms, therefore, the existence of a centre of symmetry in the 
molecule. The two missing C—vibrations should appear in the Raman 
spectrum. It follows frx>m the symmetry requirements of the oscillations 
that the C—frequencies of the classes Ag and will be of the form 
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“ /o-h(~ + , where/o_H is the C—valence force constant 

\WIh *»io / 

and 0 the tetrahedral angle; and the two oscillations of and Bg will be of 
the form » /o-h(~ + ~~'^V It will be seen that for the two 

\*»H *"o / 

in£ra-red active bands, Therefore v2880 is assigned to the 

qnnmetry class and v 2840 to the class B^. 

Ellis and Bath ( 1939 ), who have observed the absorption bands of di- 
ketopiperasine in the region of the first overtone, find two parallel bands at 
1‘703/t and 1’754;( and a perpendicular band at l*745/t. They assign l-703;{ 
to the first overtone of the parallel C—valence frequency, v,; 1'746/u to 
the first overtone of the perpendicular C—valence fluency, v,; and 
l-764;( to the third overtone of the parallel deformation firequenoy of the 
CH| group, 3,. This classifioation takes no account of the selection rules 
which apply to the symmetry group S, (i). Only those overtones and com¬ 
bination tones have non-vanishing intensity in the infra-red or Raman 
spectrum which belong to the permitted symmetry type (Tisza 1933 ). 
The qrmmetry types to which the binary overtones and combination tones 
of the group S, (i) conform have been calculated by group theoretical methods 
and are set out in table 2, together with the infira-red and Raman activity 
and the band type. 


Infra-rod active 

Parallel Peipendieular 

bond of type A, band of type B, 

A, + A, A,+ B, 

B, + B, A, + B, 


Table 2 

Raman active 

. Typ® Type B, 

[a;] a,+b, 

[b;] a,+b, 

[.4;] n even [fi;] n odd 

[JSa n even 


The symbols Ag+ B^, etc. stand for the summation frequency of and 
Vbu> ['^ 0 ] means the (n-l)th overtone of the fundamental It 
follows from the table that all overtones for which n is even are forbidden 
in the infrn-red spectrum; but four binary combination tones of the four 
C—valence vibrations could be expected, namely, the parallel bands 
Vg^+Vs^, and the perpendicular bands v^^+Vg^ and v^ + Vg^. 

Three bands only have been observed by Ellis and Bath. If we asstune 
that they correspond to the combination tones Vg,+ Vg^ and 

v^^+Vg^, they enable us, in connexion with the two fundamentals here 
observ^, to evaluate the two inaotive oscillations and Vg ^, taking into 
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consideration that It is found that 2866 and Vjj * 3032 

furnish the pctrallel oomb^tion tones « 6736 (6701 observed) 

and Vg^+Vsu’* observed), and the perpendicular bands 

B912 (not observed) and MW (6731 observed). 

Fox and Martin ( 1940 ) point out that in Ellis and Bath’s interpretation the 
parallel combination tone is larger than the perpendicular, contrary to 
what is usually found. This objection would apply to the present classifioa- 
tion as well, but the terms ‘parallel’ and ‘perpendicular’ refer here to the 
symmetry axis of the whole moleoule,^ which is inclined to the symmetry 
axis of the single CHi group which Fox and Martin have in mind. 

Three more bands have been observed for diketopiperasine in the r^on 
of the N—H frequencies. The molecule should possess two N—H valence 
vibrations of the types Ag and respectively. In the two N—H bonds 

stretch in phase; in they move out of phase. Only should be 
infira-red active, and may be identified with v 3420. v 3320 is assigned to the 
permitted summation frequency of the two C=0 vibrations 
as it can be inferred from the Raman spectrum of glycine that these oscilla¬ 
tions will be near 1660 cm.~^ This leaves v3390 still unaccounted for. It 
seems indicated from its proximity to 3420 that it is identical with the 
forbidden N—H frequency 1 ^ 7 ®. It is known that in the case of liquid 
benzene a few forbidden ban^ appear in the infrra-red spectrum. The 
proximity of the N—bands to those of glycine confirms the evidence of 
the crystal analysis (Corey 1938 ), that in 2, 6 -diketopiperazine resonance 
occurs between the C—N and C=0 bonds, and that the molecule does not 
possess any O—H linkages as had formerly been suggested (Sanborn 1932 ). 
It follows that neither keto-enol nor lactam-lactim transformation occurs 
in the molecule. 

(c) Tetrameihyl-diketopiperaxine [NH. CO. C(CH,),], 

The spectrum of tetramethyl-diketopiperazine is very similar to that of 
2, 6 -diketopiperazine. The inteipretation follows the same lines; »'3373 is 
identified with the asymmetric N—frequency and v 3340 with the sym¬ 
metric N—H frequency. The two N—H vibrations are shifted to smaller 
frequencies as compared with glycine anhydride. The shift is practically the 
same for both bands, v 3316 can again be assigned to the combination tone 
of the two C=0 vibrations. The similarity of the positions of the N—and 
C =:0 oscillations to those of diketopiperazine leads to the oondusion that 
the same type of resonance between the C—and 0=0 bonds takes place 
in tetramethyl-diketopiperazine. The number of C—H oscillations has 
in ore af o d to three. As the molecule possesses four CH, groups, six C—H 
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fiwqaenoiee would be expected in the oaae of central symmetry, but th^ 
might overlap to such an extent that a smaller number is observed. The 
similarity between the spectra of diketopiperazine and its derivative makes 
it feasible to assume that these substances have the same symmetry. 

(d) Olyoyl-glyeine NH,. CH,. CO. NH. CH,. COOH 

Olycyl-glydne exhibits four bands in the region of the N—H frequencies, 
V 3450, 3430, 3380 and 3330; and four C—H frequencies, v 3020, 2060, 2020 
and 2860, in addition to a band at ^3280. The appearance of four C—H 
vibrations is in agreement with the existence of four G—H linkages in the 
molecule, and the four N—frequencies show that glycyl-glyoine in the 
orystalisinthezwitterionform NH^. CH,.CO. CH, .KH. COO“. The position 
of the N—vibrations between 2*9 and 3‘Oft again points to the probability 
that resonance occurs between the C—and C—0 bonds. Correspondingly, 
i>3280 may be assigned to the first overtone or a binary combination tone 
of the oscillations of the C=0 linkages involved in the resonance. The infra¬ 
red absorption spectrum of glycyl-glyoine ethyl ester dissolved in CCl, has 
been observed by Buswell, Downing and Rodebush (1939). They report 
absorption bands at 3720, 3390, 3090, 2990 and 2660, and a band at 3280 
which vanishes for a concentration of 0*008 mol. No ionic structure is to be 
expected in the glycyl-glycine ester, and 3390 therefore represe^its the N—H 
frequencies. The C—H frequencies are surprisingly high for C—C single 
bond compounds, even for very low concentrations. In the crystal their 
frequencies are reduced by 40-70 cm.-*. In the case of the ethyl ester, the 
absorption bands include the C—oscillations of the ethyl group as well, 
so that a comparison between the two observations is not possible. 

I wish to express my gratitude to Professor H. Dingle for putting the 
laboratory facilities of the Imperial College of Science and Technology, 
London, S.W. 7, at my disposal. I am furthermore very much indebted to 
Professor A. C. Chibnall and Dr W. T. Astbury for providing me with the 
five compounds. 
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The vibrations and the molecular structure of 
urea and guanidonium 

By Lottk Ksllksb 


{Communicated by W. T. Attbwry, F.R.8 .— 

Received 26 June 1940 —Revised 21 November 1940) 

The vibrationa of urea and guanidonium have beoi oaloulated for a field 
containing valence and angle foroee. The aasumption is made that urea has 
the symmtery Of, and guanidomum Off. 

It is shown that it is possible to assign every observed frequency of these 
two substances to definite modes of vibration under these assumptions. 

The force constants have been evaluated and have been found to be 
/o_a s 7*1 X 10* dynes/om. for guanidonium, and /o_ir b O-O x 10* dyaet/aaa. 
«»d/o_o = 9-7x 10* dynes/om. for urea. These values are compatible with the 
‘hypothesis that quantum mechanical resonance occurs in both molecules, 
with the result that the C—bond in uroa has approximately 28 % double* 
bond character and the C=0 linkage a oorresponding single-bond character. 

The guamdonium ion shows complete resonance; each C—bond has 
^ double-bond character. Curves have been drawn to illustrate the relation 
between the valenoe force constants and the bond character. 

1. iNTBODtJOnON 

It has been evident for some time, from the study of the ohemioal behaviour 
as well as firom the X-ray investigation of the crystalline structure of urea 
and guanidonium, that these two molecules show quantum mechanical 
resonance between several possible conilgurationB. Pauling ( 1935 ) suggests 
restwance between a homopolar (figure 1,1) and two ionic (figmre 1,11, m) 
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Btouotnres for urea, CO(NH,)„ and aaoribee 28 % double-bond oharaoter 
to the C—linkages and a oorresponding Ungle-bond oharaoter to the C=0 
bond, in agreement with the X-ray measurements of the nuclear distances 
of do-o “ 1-25A and dc-y «« 1-37A (Wyckoff and Corey 1934 ). In the 
guanidonium ion, C+(NH|) 3 , all three structures (figure 2 ,1, II, III) should 
have equal probability, which means that resonance is complete and each 
C—bond has ^ double-bond character. The nuclear distances in organic 



Figubk 1 . fileotronic struotum of Fioubz 2 . Kleotronio structure of 

urea. guanidonium 

compounds are known to be very accurately constant for linkages of the 
same type in dififerent molecules, and these distances have been used up to 
now as the only criteria for the bond character. The force constants measuring 
the valence forces remain constant in the same way, and provide further 
means of determining the occurrence of quantum mechanical resonantw 
between different configurations. It has been found in the case of the C—C 
bond, which is best known, that ethane, with a typical single bond, furnishes 
fc-o ^ 10* dynes/cm. (Sutherland and Dennison 1935 ), while the 
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values/cue =“ 9*79 x 10* (Sutherland and Dennison 1935 ),/_o- * 7*56 x lO* 
(Kohlransch 1936 ) and/^sc - 16-71 x 10 » (Sutherland and Dennison 1935 ) 
are obtained firom ethylene, benzene and acetylene, respectively. It will 
be seen that in a molecule with alternating doable bonds (so far, benzene is 
the only molecule for which this has been worked out) the force constant 
is nearly i(/c-c+/c-o)- I” th® present paper the vibrations of urea and 
gnanidonium have been computed theoretically and the force constants 
calculated from the observed vibration spectra. 

2. Mbthod of oomputatiok of vibrations 

The vibrations of urea and guanidonium have been calculated as functions 
of the force constants in the usual way. A harmonic potential function was 
chosen, and the molecule assumed to be held together by valence and angle 
forces only. The resulting secular equation was factorized, by means of 
group theoretical methods, into determinants of lower orders corresponding 
to the symmetry type of the molecule under consideration. 

3. Vibrations of itrba 
The potential function has the form. 

fo~0 +/c-n(So-N, + 5c-N,) +/n-h(Sn,-H,' + 

+ Sn,-h,' + Sr,-H,") + <^’*cuo*o-N {(•dai)*+ (do*)*} -f dflo-N (2^)}* 

+^i«<^N«N-n {('^yi)*+(^r*)*+(^rs)*+ 

+ 4t^_h sin* {(J©,)* + (d©,)»} 

+ «c-o sin /? sni 2^{(J0,)* + 00,)*+(A0,)*}. (1) 

The are the elongations of the valence links under the influence of the 
valence forces, the Aa^ and Ay^ refer to the deviations of the valence angles 
from the equilibrium position and will be understood by reference to flgure 3. 
A0i measures the twist of the C— N bonds, and A0i the angle between the 
planes OCNj and OCN,+j. A0f occurs only when the atoms C, O and N 
move out of the plane originally containing them. 2fi is the angle between 
the two C—N valencies, and the angle between the N —H bonds has been 
taken to be the tetrahedral angle 109° 28*. and /v_ii are the 

valence force constants, and d', d, ^nd d, the angle force constants 
T measures the torsion of the C—bonds and k the force with which the 
C, O and N atoms are held in one plane. The co-ordinates are simple linear 
functions of the displacements oi the vibrating atoms from their equi- 
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librium poflitioDfl. In oaloolating these funotions the procedure of Lechner 
( 1932 ) has been followed; his method has been extended to molude oscilla- 
tione in which the atoms move out of the molecular plane. 

OCN, =a, 

OCN, =0, 

N.CN, 

CN,H; =yi 
CN.HJ =:y, 

H,'N,Hr=y, 
cn,h; =y, 

CNA' =74 
H{N^: = y, 

PiouKB 3. The urea molecule 

It is known from the investigation of the crystalline structure of urea 
(WyokoflF and Corey 1934 ) that the molecule has the symmetiy and 
that the carbon, oxygen and nitrogen atoms lie in one plane. The twofold 
symmetry axis Cj passes through the C—0 line. It follows from group 
theoretical considerations that the vibrations of urea split up into four 
symmetry types. Table 1 shows their behaviour with respect to the sym¬ 
metry elements of C,,, their activity in the infira-red and Raman spectra and 
the number of vibrations m each symmetry class. 

Tablk 1 


Ranuin speotrum 


Sym¬ 

metry 

Symmetry properties 

Anti- 

Infra-red speotrum 


Degree of No, ol 
depolar- vibra- 

class 

Symmetric 

symmetric 

Activity 

Band typo 

Activity 

isation tions 


C\, <T„ <r. 

— 

Active 

Perpendicular 

Active 

P<i 6 

A, 

C, 

<r„ <r. 

liiootive 

— 


P = ? 3 

Bi 

(T, 

C., ir. 

Active 

Peri>endicular 


/>=! * 

B, 

a-. 

C',. <r. 

Active 

Pamllol 


P = ? 6 


(7,, er, and Oy refer to the symmetry elements of the group C„. There are 
3x8-6= 18 vibrations altogether. The equation connecting the six 
vibrations of the class Aj is given by the determmant ( 2 ), where A = in'v*. 
The vibrations of the type A, are found by solving the equation (3). The 
symmetry type Bj furnishes the fourth-order determinant (4), and the five 
vibrations belonging to the class B, are connected by the secular equation ( 6 ). 
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4. Intebpretation of the C0(NH,), and C0(ND,), hprotba 

AND EVALUATION OF FORCE CONSTANTS 

The Raman spectrum of CO(NH,), and CO(ND,), has been investigated 
by Kohlrausoh and Pongratz ( 1934 ) and by Otvos and Edsall ( 1939 ). Their 
data are given in table 2 , together with the results of the study of the infra¬ 
red spectrum (see preceding paper). The letters P and D mean ‘Polarized’ 
and ‘Depolarized’ respectively. It follows from table 1 that the polarized 
bands belong to the symmetry type and that there are six vibrations of 
this class, three of which are principally valence vibrations and three 
deformation frequencies The N—H valence vibration is known to lie in the 
region 3300-3500 cm.-^, so that the 3236 band cannot be interpreted as a 
fundamental as there is only one N—H valence oscillation of the type A^. 
All the other strongly polarized bands can be assigned to fundamental 
vibrations (table 3). 


Table 2 




(•0(NH,), 

CO(ND,), 

Tnfra-rod 





8p<-ctnJtn 

Rumiin itpectrum 

Kaman H|)ectrum 

KoIInor (w**' 

— 

- ■ A. 



procedmg 

KolilrauHch 




paiXT) 

and Pongratz 

OtvoH and Kdsall 

Otvos and Kdsall 


620 (26) 


.534 (2) D 

468(1) D 

— 

— 



548(1) P 

— 

685 (16) 


601 (2) D 

— 


1000(8) 


1008 (10) F 

997 (6) P 


1167 (16) 


1167 (4) F 

890 (6) P 


1360 (i) 


Not tibwTN’od 

1040(1) T 


1468 (0) 


1478 (26) l> 

Not obsorvod 

_ 

— 


— 

1201 (16) J 

— 

1693 ( 26) 


1004 (46) PT 

1247 (3) F 

— 

1066 (0) 


1680 (.36) P 

1613(36) P 

3218 

3218(16) 


3236 (.56) 2* 

— 

.337HJ 

34101 

3383 (3t<6) 


3386 (61-6) F 

2421 (5f6) P 


_ 


- 

2600 (3) PT 

3434 

— 


— 

— 

Not obnerviMl 

3462 (2»>6) 


3490 (56) J) 

2603 (3) D 

Table 3. 

Fundamental vibrations of urea of class Aj 


I', 


*'4 "i 

Vf Molecule 

Not ubsorved 

1008 

1167 

1604 1680 

3386 CO(NH,), 

548 

697 

800 

1247 1613 

2421 (X)(ND*), 
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li the determinant ( 2 ) is evaluated under the assumption that the angle 
forces can be neglected as compared with the valence forces, the following 
third-order equation is obtained: 


+/<^k/»-h[(^+( i + 3^) - 8^]) 
-/cvo/c-N/»-H{;i(^+S;;)(5^;,+;^) 

^ 2 008*/?/ 1 _2\1 Q 

tfiQffiQ \wi|| 3fn^/j 


(«) 


It is known that the C—N valence vibration, which is not very different 
from the C—C vibration, lies between approximately 800 and 1000 cm.~^, 
while the 0=0 oscillation in aldehydes, ketones and fatty acids occurs at 
1700 cm."’^. The frequency 1008 may therefore be assigned to the C—N 
valence vibration, and 1080 to the C=-0 oscillation. The fact that this 
latter value is lower than in ordinary 0=0 bonds indicates that the 0=0 
linkage in urea is weakened in accordance with the conception of resonance 
in the molecule. As, the symmetrical N—valence vibration in ammonia 
is 3336, the band 3385 is assigned to the symmetrical X—H oscillation in 
urea. Using these frequencies, and putting 2 /? = 114° 44' (WyckofiF and 
Oorey 1934 ), the following figures for the valence force constants are 
obtained: 

fo-o = ^ 10*dyneB/cm„ 1 

/c-N =• ^ 10* dynes/cm., | (7) 

/n-h = X 10® dynes/cm. J 

If vij) is substituted for in equation ( 6 ) and the above force constants 
are used, the following frequencies (table 4) are computed for CO(ND,), 
from ( 6 ); 
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Table 4. Valenok vibrations of class for C0(ND,), 
y* y* y* 

OlMerved 997 1613 2421 

Calculated 909 1727 2440 

The agreement between observed and oalculated values is satisfactory, as 
the contribution of the angle forces to the vibrations has not been taken 
into account. The fiequencies 1167 and 1604 for CO(NH,), (if 1604 is 
polarized, which still seems doubtful) and 548, 800 and 1247 for CO(ND,), 
are to be interpreted as deformation vibrations. 

It follows from (3) and (4) that the symmetry classes A, and contain 
one X—H valence vibration each, in which the two N—H bonds of each 
NH, group perform an as 3 rmmetrio vibration. The other frequencies of these 
types are bending frequencies. If the angle forces are again n^lected, the 
asymmetric N—H frequency is found to be i' = 3460, taking/)f..Q = 6-3 x 10* 
dynes/cm., so that the observed band v = 3496 may be identified with this 
oscillation. In the case of the N—linkage, the corresponding vibration is 
obtained at v 2660 (v 2603 observed). The infra-red spectrum shows a band 
at 3434 and no band at 3496. As the bands of the type A, are forbidden m 
the infra-red spectrum, 1^3496 is therefore to be assigned to the class A, 
while y 3434 belongs to the symmetry type B,. 

The vibrations of B, (6) contain one C—N valence frequency in addition 
to a symmetric N—H oscillation. This C—frequency represents an asym¬ 
metric oscillation of the two C—bonds. If the angle forces are left out of 
consideration and the above values (7) used for/a-jf and/j,_H, the frequency 
1466 is obtained for C0(NH,), and 1470 for CO(ND,),. In the latter case no 
corresponding band has been observed, while the observed v 1478( CO(NH,),) 
agrees very well with the calculated value. 

Equation (3) shows that a bending frequency and a torsional vibration 
of the NH, groups fulfils the symmetry requirements of the class A,. The 
nitrogen and hydrogen atoms move in such a way in this bending frequency 
that the valence angles H —remain unchanged while the angles 
H—N—C are deformed. A comparison with the corresponding frequencies 
of guanidonium (12) shows that the secular equation has the same form, 
and the assignment of the vibrations can therefore be taken over with the 
only alteration that the distanoe So_n slightly different in the case of 
urea. The band 1164 is correspondingly assigned to the bending frequency 
of class A, for (X)(ND,),. The torsional vibration is probably too low for 
observation. It seems that the analogous oscillation of CO(NH,), is obscured 
by the relatively intense band v 1680. If the same values of r and 
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are used as for guanidonium (13), the computation leads to the following 
results (table 6 ): 


Tablk 5. Vibrations of urba of class Ag 

CO(IfH,), CO(ND*), 

CO(NH,), CO(ND,), 

CO(NH,), CO(ND,), 

N—H valence 

Bending 

Tomional 

vibration 

vibration 

vibration 

Calculated 3420 2544 

1563 1110 

113 107 


Obscured 

Not Not 

Observed 8406 2603 

by 16801 1164 

observed observed 


As the oscillations of the type ( 6 ) are forbidden in the C+(NHg )8 spectrum 
( 10 ), they are tentatively assigned to COlNHg)! frequencies which have no 
analogues in the guanidonium spectrum. The remaining lines, which occur 
in both spectra in approximately the same positions, have been filaoed 
in class Bg. 

The intense polarized lines v3235 and p2506 have been deified as the 
first overtones of the fundamentals 1680 and 1247 respectively. These 
overtones have the symmetry properties of vibrations belonging to the 
class Ai (this follows from group theoretical considerations) and are there¬ 
fore polarized Their high intensities can be exidained by resonance with the 
intense fundamentals 3380 and 2421. The possibility that those frequencies 
(2506 and 3235) might bo due to a weakening of the N—H bonds, by the 
formation of hydrogen bonds with the oxygen atom of a neighbouring 
molecule, is ruled out by the fact that p 2506 is of higher frequency than the 
X—D vibration 2421, while it should be considerably lower in the case of 
hydrogen bonding 

The im>posed inteqiretatiou is set out in table 6 , but it must be jiointed 
out here that it is by no means definite Unfortunately, no use could be 
miule of Teller’s product theorem (Angus, Bailey, Uale, Ingold, Leckie, 
Raisin, Thomson and Wilson 1936 ) which would permit a final decision of 
the assigimient to the symmetry classes, as this theorem presupposes the 
complete knowledge of the spectrum of two isotopic molecules. 

5. Vibrations of guanidonium 

It is assumed that, the C=X double bond oscillates in the guaiudonium 
ion C+(NH 2)3 between the three equivalent C—N linkages. In this case 
the C—N distances will be equal and each bond will have ^ double-bond 
character. The molecule has then the symmetry Uj*, i.e. a threefold axis 
Cg through the carbon atom and perpendicular to the plane through the 
nitrogen and carbon atoms (the resonance forces these atoms into one plane), 
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and a ajrmmetry plane perpendicular to this axis. The hydrogen atoms 
of each NH, group are aynunetrioally arranged with regard to tr^. As (7^ 
has a threefold symmetry axis, it gives rise to degenerate vibrations. The 
vibrations belong to four classes, of which the oscillations of the last two are 
doubly degenerate. The symmetry properties and numbers of frequencies 
are shown in table 7. 

Table 6 


Symmetry 


type 

CO(NH.), 

CO(ND,), 

Mode of vibration 

Ai 

— 

548 

Bending vibration 


lOOS 

097 

Symmetrical valence vibration of C—N linkages 

I'l 

1167 

890 

Bending vibration 


1604 

1247 

Bending vibration 

II, 

1680 

1613 

Valence vibration of C--0 linkage 

21', 

3230 

— 

— 

21/4 

— 

2506 

— 


f 3380 

2421 

•Symmetneal valence vibration of N —H (N—D) 


13410 infra-red 

linkages 

A, y, 

Not observed 

Not observed 

Torsional vibration of NK, groups 

y, 

Obscured by 

1164 

Bonding vibrations of NH, groups 


I080T 



V, 

3400 

2003 

Aaymmetnoal valence viliration of N—H 
(N -D) linkages 

B. I-.. 

Not observed 

Not oliservod 

Bending vibration 


Not observixl 

1201! 

/N 

Voiding of 0—CX plane 
'N 

•'ll 

1350 

1049 

Bending vibration 


3434 iiifra-rod 

2603 

Asymmetrical valence vibration of N -H 
(N—D) linkages 

Bf »'l4 

Not olworvt'd 

Not obwTved 

Bending vibration 

I'l, 

534 

458 

Bonding vibration 

(/„ 

601 

Not observed 

Bonding vibrotion 

-I, 

1478 

Not observed 

Asymmotneal valence vibration of C—N 
linkages 

•'ll 

3378 infra-red 

ObsouRKl by 

Symmetrical valence vibration of N—H (N—D) 



2421! 

linkages 


Table 7 



Symmetry properties 



Itainan spectrum 


Sym¬ 


Anti- 

Infra-red snectrum 


Degree of No. of 

metry 

Sym¬ 

sym- Dogon- 

_ 



de|)o]ar- 

vibra- 

elaas 

metric 

metno eraey 

Activity 

Band typo 

•Activity 

i*alion 

tioni 

At 

Cl. O'* 

— — 

Inactive 

— 

Active 

p<<? 

4 

A, 

c. 

IT, - 

Inactive 

— 

Inactive 

P=7 

4 

B' 

t^* 

— C, 

Active 

Perpendioular 

Active 


S 
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There are 3 x 10-6 - 24 vibratioiu altogether, of which only 12 will be 
observed in the Raman speotrom (the vibrations of the classes B' and B" 
have to be counted double), and four of these should be polarised and 
relatively stronger than the others. The infra-red spectrum will show only 
five bands. 

The potential function F of C+(NH,)a has been chosen in the same way 
as for urea. 


21 ^=/c-N{£*0-N. + ?C-N. + a-N.} 

+/n-u{£n,-Ui' + + Sn, -H,' + '} 

+ ^i«c-n«n-h{{^<9ii)‘+ + (d(93i)* + (^»«)*} 

+ a: sin* 120“ s* _n{(^J<Pi)* + (/KP,)* + (/J®*)*} 

+ 4T8in* J0s*,_H{(dei)»-l- (^©,)*-»- (d©,)*}. (8) 

The symbols have the same meaning as in the case of urea. The arrangement 
of the angles will be understood by reference to figure 4 which represents 
a molecule distorted by a vibration. The C —N linkages form a valence 
angle of 120° with each other in the equilibrium position. 



H.'N'C =0,1 
H,'N,C =0„ 
NjCN, =ai 
N,CN, =a, 
N.CNi =a. 


Fiourk 4. The guanidonium -rnoleoule. 


When the symmetry requirements of table 7 are taken into consideration, 
it is possible to factorize the secular equation of 16 rows and columns into 
four determinants. The four vibrations of class A| are represented by the 
equation (9)‘ 

(») 


A*-OiA*-»-o,A*— 03 A- 1-04 = 0, 
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_/o-N I f (^1 ^^*0-W I *N-H ^ J I *C!-N \. 

^_ Wk-h /3 , 4 \ 2/c.k*./3 ^ 8 \ 2^.h ^ /1 ^ 2\ 

3»»n Wh 3mK/ 3m)f \fnH 3m}}/ mg \mH m^/ 


I /o-N^l / 3fi»o_K ^ _^ 

8mjj \6mN»N_H ^Wn^c-n 3frtK Mb^n-b/ 


+ _L+J?e=^!L] 

3frtK mH<N-H/ 


I / ^ / __®?OrN _ _ ^ *N-E ^^ *0-N ^ *M-H | 3 ^ *C-N \ 

^\2mafni}«i}_Q 3mHm}}«o_}} Sragm,, ^^h^n-h 3”*n*o-n 3m}, m},»„_g/ 



^ /q-n/n-h*i / 73 ao_K ^ 3 *N-H I ^ j 3 <o-y \ 

3 w*n \ 3 ®h»%<n-h ^”hi”hi^c-s ”*h™n ”^*n-h/ 

+ ^/o-N /w- H^t /_L + _i_\ 

\®*h 3 m},/ 


I /o-N^t^ i/ 6 ^ 33<c_}, ^ ^c-M j 34 ^ ^ 

3m}, Vm^m}, mQm},«},_Q 3m^«},_g m}, 3m},«},_g w»hW„«b_},/ 

I /n-H^ 1^ |/ . fap-K ^ *N-H ^ ^ . ^O-N ^ . 2«N-H_ ^ _2_ ^ V 

\*’‘h”*n*n-h ♦'*h”‘n^o-n 2mJ[«},_H m},«},_[j 3m},«0_„ m^m}, m},/’ 


a ^/o-n/m- h^i^i / 3 ^ 2 Sgt^}, ^ 3«},_n ^ 16 ^ 9ap_}, ^ Q^o-n \ 

* Smnm}, wih”*n*n-h *'*h**n*o-n 3wi}, 2 m},«},_H 3m},«},.H/ 

9 has been taken to be the tetrahedral angle, 109° 28'. The carbon atom 
does not take part in the totally eymmetric vibrations bat remains at rest. 

The inactive vibrations of the type A, are represented by the determinant 
(10). The oscillations of the type B' follow from equation (11). 'This is the 
only active type of vibrations in which the carbon atom takes part. The 
remaining three vibrations of the class B" are obtained from equation (12); 


I Wh ®*n / L™h*n-h 2oo8*|©m},«c-},S},_iiJ mjfl 


W»H 


+ aI * N- H - 2 COS^»o-N*N-F 

\ ”*H 2 008* «C-N”*N 

^2Vroo8*i9^ (ooBgsc_M -*w-H)* ~|] ^<nn«ie<}f-H/N-n3i T ^ 

*”h L ”*h*n-h 2oo8^Sm}fSc_j,«},_HJ) 


(--■ 

\«*N 


2 cob «^\ 
»% / 


(12) 
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This equation is exactly the same in fonn as equation (3) of urea, as 
mentioned above. It would therefore be expected that these three modes 
of vibration would be alike in both molecules. 

CSasB Ai containa two valence vibrations, of which one is principally a 
symmetric oscillation of the nitrogen atom towards and away firam the 
static chrbon atom (breathing frequency), while the second is a symmetric 
vibration of the N—bonds. The remaining two are bending frequencies, 
in which the valence angles H——C and H——H are distorted. 

In the symmetry type B' the nitrogen and hydrogen atoms execute a 
two*dimenBional motion round their equilibrium positions; there are two 
valence vibrations, one corresponding roughly to an asjrmmetric oscillation 
of the G—bonds and one to a symmetric stretching of the N—H linkages. 
Three bending frequencies belong to the same symmetry type, deforming 
all the valence angles of the molecule. 

The class B" is represented by an asjonmetrio N—valence vibration, 
a torsional vibration of the three NH^ groups in phase with each other, and 
a deformation frequency in which the angles H—N—C are distorted. 

6. Intbbfbstation of the C+(NH,), and C+(ND,), sfkotba 

AND EVALUATION OF FOBCB CONSTANTS 

The Raman spectra of solutions of C+(NH ,)8 in H,0 and of C+(ND,), in 
D,0 respectively have been observed by Otvos and Edsall ( 1939 ). The results 
of their experiments are shown in table 8 together with the assignment of 
the bands proposed here. The assignment has been chosen in analogy with 
the urea spectrum. As it is well known that the breathing frequency is the 
most intense line in the Raman spectrum, the frequencies 1008 and 921 
are interpreted as The choice of the four A^ vibrations is determined by 
the fact that they have to be strongly polarized. The upper index, in 
brackets, indicates the twofold degeneracy. It is not possible to include 
p 2374 in the assignment, as C+(ND,), has only one polarized N—D 
vibration. Otvos and Edsall themselves suggest that the line belongs to 
the D,0 spectrum. On the other hand, if the lines 3360-3471 and 2406-2691 
are really caused by the molecules of the solvent, it seems justifiable to 
conclude that the intense frequencies of C+(NH,)s and C+(ND 8 ) 8 , which 
are to be expected in this region, are overlapped by the strong water 
bands. 

The force constant /o_n of C+(NH,), will be very near to the value for 
urea, and may be taken to be the same in both oases. It is assumed 
that the nuclear distances in the isotopic molecules C'''(NH 8)3 and C'''(ND,)8 
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are alike, namely «n_q - 1*02 A and- «o_if > 1-33 A. The latter ralae 
requires some explanation. The only hitherto observed 0—N distance in 
guanidonium, viz. MSA (Theilaoker 1935 ), is obviously too small, as the 


Tablb 8 . G1.A88IFIOAT1ON OF THB Raman sfeotbum 
OF C+(NH,), AND C+(ND,), 


C+(NH,), 

Denota- 

C+lNDi)! tion 

Sym¬ 

metry 

typo 

Mode of vibration 

5S« (46) D 

460 (S) D 


B' 

Bniding frequency 

1016 (8) P 

081 (8) P 


A, 

Breathing frequency 

1468 (Ovt) 

— 


B' 

Asymmetric C—valence 

1606 (M) D 

1103(li)il 


B' 

frequency 

Bending frequency 

— 

1278(1) P 

Vb 

Ax 

Bending frequency 

1470(le6)T 

— 


B' 

Bending frequency 

— 

2127 (Of) 


B' 

— 

Resonance: 

SS18 (Si) 



B' 

_ 

— 

2374 (0)PD,Or 

— 

— 

— 

8290 (Si) 

2433 (0) P 


A, 

Symmetric valence frequencies 

3800-3471 H,OT 

Obscured by 2483 


B' 

ofN—H 

N—linkages 

3300-3471 

2406-8601 (6) D,Ot 


B'. 

Asymmetric valence frequency 


of N—H (N—D) linkagM 


triple CfeN bond in HCN has a length of 1'16 A, The above figure for 
was therefore assumed as likely on the ground that in urea is 1-27 A 
(in urea the C—bonds have less than | double-bond oharaoter). Using 
these values, it is possible to compute all vibrations of C'*'(NH,), and 
C+(ND|), with one set of force constants (13): 


/c-N = 7-1 X 10* dynes/om., /n_h = x 10* dynes/om., | 
4j = 0-80 X 10* dynes/om., 4, = 0-14 x 10* dynes/om., 

3d « 0-70 X 10* dynes/cm., t = 0-10 x 10® dynes/cm. J 


(13) 


The constants 8^ and 3d are suspiciously small, and no great reliance can 
be placed upon them. Nevertheless, table 9, in which the observed and 
calculated frequencies are compared, shows that the accuracy of the 
calculations (roughly ± 10 %) is qiute reasonable. 
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Tablb 9. Fbequsnoiss of (^(NH,), akd C-(ND,), 


Ssnmnetry 


C+(NH,), 


C+(ND,), 

and 

vibration 

Calculated Observed 

Calculated 

i Observed 

Ai V, 

1020 

1015 

924 

921 

Vf 

1410 

Not observed 

1113 

1278 

Vi 

3354 

3290 

2432 

2433 

Vi 

622 

Not observed 

501 

Not observed 

B' vf> 

651 

536 

483 

459 


1501 

1462 

1360 

Not observed 

•f' 

1534 

1565 

1320 

1193 

< 

3370 

3360-34717 

2470 

2496-25911 

V?' 

360 

Not observed 

342 

Not observed 

B' if,' 

1510 

1670 

1116 

1063 = i X 2127 

if 

3445 

3360-34711 

2544 

2496-25911 


112 

Not observed 

108 

Not ob8er\’ed 


7. Forok constants and molbcxtlak structure 

OF UREA AND OUANTDONIUM 

The interpretation given above of the guanidonium spectrum agrees very 
well with the assumption of complete resonance between the three C—N 
bonds. Urea would belong to the symmetry group C7,, even if no resonance 
occurred in the molecule between the C=^0 and C—linkages, but here 
confirmation of the resonance hypothesis comes from the values of the 
valence force constants, and /^.q. It was mentioned in §1 of the 
present paper that the force constants of the C—C valence bond are roughly 
proportional to the strength of the bond (single, double, triple, partial bond). 
The C—single bond furnishes a force constant /o_n of 4-86 x 10® dynes/cm. 
for methylamine according to Kohlrausch (1931) and of 4*06 x 10® dynes/cm. 
according to Bailey, Carson and Daly (1939), while Kohlrausch (1931) 
obtained a value of = 17*9 x 10® for the CfeN triple bond. The study 
of the formaldehyde spectrum leads Sutherland and Dennison (1935) to a 
force constant/( 3 _o =» 13*45 x 10* for the C=0 double bond. The values 
obtained here for urea (7), /c_o = ^ *0® and /o_j, = 6*6 x 10®, are con¬ 

siderably different from the above figures. As is to be expected in the case 
of resonance, the C—N force constant is greater for urea than for ordinary 
C—single bonds (by 36%), while the C=0 force constant in urea is 
weakened by 39 % as compared with formaldehyde. It can therefore be 
concluded that in urea the C—N valence bond has partial double-bond 
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oharaoter, while the C==0 linkage is weakened by approximately the same 
amount. The spectrum of guanidonium famuhes /o_jf - 7-1 x 10 ® (13) in 
agreement with the assumption that eaoh C—bond has double-bond 
character. The force constants of the C—C, C—and C—O valence linkages 
have been plotted as functions of the bond strengths in figure 6 as far as 
they are known. While these curves are not very far removed from straight 
lines for the C—C and C—N linkages, the C—O curve is irr^ular. 



Fioubb 6. Force ooiutanta of the C—C, C—bonds as functions of the 
bond character. 


Rkfbbknoes 

Angus, Bailey, Hale, Ingold, Lockio, Kaisin, Thomson and Wilson 1936 J. Chem. 
Soc. p. 971. 

Bailey, Carson and Daly 1939 Froc. Boy. Soc A. 173, 339. 

Kohlrausch 1931 Der Smekal-Baman Effekt. 

Kohlrausch 1936 Phy», Z. 37, 58. 

Kohlrausch and Pongratz 1934 Z. pky». Chem. B, 27, 176. 

Lechnwr 193a S.B. Alead. Wtea. Wien, lla, 141, 291, 

Otvos and Edsall 1939 J chem Phya 7, 634 

Pauling, Brookway and Beach 1935 J. Amer. Chem Soc 57, 2705. 

Sutherland and Dennison 1935 Proc. Boy Soc A, 148, 250 
Theilaoker 1935 Z. Knatallogr. 90, 61 emd 266. 

Wyokoff and Corey 1934 Z. KnataUogr. 89, 462. 


30 -a 



Submarine seismic investigations 

By E. C. BuUiABD AND T. F. Oaskxix 
DtpartmeiU of Oeodoay and Cteophyotea, Cambridge 

{Communicated by Sir Oerald P. Lenox-Conyngham, F.R.8 .— 
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The rafraotion aeiamia method hae been used to inveatigate the form of the 
Burfaoe of the hard rooka underisdng the aedimento on the oontmental shelf 
to the west of the Ehigliah Channel. This surface is found to slope steadily 
flownwarda on receding from the land, and to reach a depth of over BOOO ft. 
at the 100 fin. Ime. The velocity of elaatio waves in the sediments is about 
6000 ft./aeo. near the surface and up to 9700 ft./aeo. lower down, compared 
to 16,000—22,000 ft./seo. in the basement. The bearing of these results on 
the structure and history of the shelf is discussed. 

1. Intboduotion 

At the meeting of the Internatiomtl Union of Geodesy and Geophysics 
held at Eldinburgh in 1936 Professor R. M. Field described some experi¬ 
ments that had been made by M. Ewing the year before (Ewing, Cmry 
and Rutherford ):937)- In these experiments the refraction seismic method 
had been used to determine the thickness of the sediments on the Con¬ 
tinental Shelf on the eastern side of the United States. Part of the area 
studied was dry land and the measurements there presented no special 
technical difficulty, but part was submerged, and the novel feature of 
the work was that it had been found possible to use the method at sea. 
Professor Field suggested that similar work should be undertaken on this 
side of the Atlantic. In 1937 Dr Bullard visited the United States on the 
invitation of Professor Field and learnt in detail from Professor Ewing 
how his work had been carried out. 

On returning to Ehigland application was made through the National 
Committee on Seismology to the Royal Society for funds, and to the 
Hydrographer, Vice-Admiral Edgell, for a ship. These requests were 
granted, the Admiralty allowed the use of H.M.S. Jason, an 850 ton 
surveying ship, for a week in July 1938, and the Royal Society appointed 
a committee under the chairmanship of Admiral Edgell to administer the 
funds and to direct the work. Preliminary experiments were made in 
Lake Windermere with the co-operation of the Fresh Water Biological 
I 476 ] 
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Station; in the Wash with a ship lent by the Great Ouse Catchment Board, 
and in Plymouth Sound in the Salpa, a trawler lent by the Marine Biological 
Station. These experiments were valuable and enabled various difficulties 
to be overcome which might have seriously hindered the work in the Jason ; 
the thanks of the authors are due to the directors of the Fresh Water and 
Marine Biological Stations and to the Engineers of the Ouse Catchment 
Board for their co-operation. 

The experiments on board the Jeuon were carried out by the authors 
assisted by Mr L. H. Flavill. A preliminary account has been published 
(Bullard and Gaskell 1938 ), but it was thought desirable to make further 
measurements in 1939 to supplement those of 1938. For this purpose two 
Brixham trawlers, the Arthur Rogers and the Renown, were hired. These 
ships were constructed of wood and were of 60 tons displacement and 
60 ft. long, and both were provided with sails and with auxiliary engines 
The former was in charge of her owner Mr Byng and was manned by 
an amateur crew, the latter had a professional skipper and cook and an 
amateur crew. Experiments were made with these ships for a fortnight in 
June 1939. Mr T. F. Gaskell and Mr B. C. Browne were in the Arthur 
Rogers and Dr Bullard and Mr Flavill in the Renown. 

From the above account it will be clear that the work could not have 
been carried out without the co-operation of those controlling the ships. 
Success would also have been impossible without the assistance and 
advice of the captains, officers and crews of the Jason, the Arthur Rogers 
and the Renown. Our special gratitude is due to Vice-Admiral Edgell, to 
Captain Hardy and Lieutenant Griffiths of the Jason, and to Mr Byng, 
owner of the Arthur Rogers. 

2. Afpabatvs and tbchniqtjx 

The technique employed was similar to that described by Ewing, Crary 
and Rutherford ( 1937 ). A geophone was lowered to the bottom of the sea 
from an anchored ship, and ohai^ of explosive were fired from a second 
vessel which was not anchored. In 1938 the geophones employed for work 
on land were used. These instruments, which have been described by 
Bullard and Kerr-Grant ( 1938 ), were enclosed in watertight oases (figure 1 ) 
with heavy bases. In the preliminary work a method was devised for laying 
three of these instruments, the right way up, in a line on the sea bottom. 
This worked satisfactorily in 20 fe. in Plymouth Sound, but when it was 
tried in 40 fin. off the Lizard it resulted in the loss of two instruments and 
3000 ft. of cable. After this it was decided to use only one geophone. The 
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instrument was lowered by the steel wire of the Lucas sounding machine 
of the i/ason; the wire being attached to the top, and the electric cable 
being paid out with some slack so that the strain came on the steel wire. 
The instrument was suspended about 2 fin. firom the bottom until just 
before firing a shot, and was then lowered to the bottom. The steel and the 
electric cables were then slowly paid out till the shot had been fired. After 
the shot had been fired the instrument was again raised off the bottom and 
the slack in the electric cable pulled in. In this way when the ship swung 
round the geophone was free to come with it, and the cable did not become 



Figubs 1. Geophone uaed in 19S8 (overall diameter 10 m.). 

twisted round the anchor chain, as sometimes occurs if the geophone is left 
on the bottom. To prevent pulls on the cable, due to the ship’s motion and 
to currents, from disturbing the geophone a 30 lb. weight was attached to 
both cables about 6 ft. from the geophone. When a shot was fired this 
weight rested on the bottom near the geophone. 

The experience in 1038 showed that it was desirable to design a special 
geophone for use at sea. It was desirable that the instrument should be 
robust and that it should work in either the erect or inverted position. The 
instrument used in 1030 is shown in figure 2 a and b. It consisted of a 
horseshoe magnet lying in a horizontal plane and constrained by springs 
so that it could only move in a vertical direction. Above and below the 
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magnet were a pair of armatures canTing coils connected in opposition. 
The instrument was damped by filling the case with oO. The gaps were 
about 2 mm. wide and the natural period about 0*03 sec. The sensitivity 
and its variation with frequency were similar to those of the instrument used 
in 1938. The steadiness of the records from this instrument before the 
explosion occurred was better than that of those used in 1938 and about 
twice the amplification could be employed. H the precautions are taken 
of paying out slack whilst a record is being taken and of providing a weight 
near the geophone, the steadiness of the instrument is as good as or better 
than that usually found on land. 




The output from the geophone was amplified by a three-valve amplifier, 
resistance-capacity coupled (two H 2 valves and one PM 2A), and fed 
through a transformer to two of the strings of a six-string galvanometer. 
One of these strings was shimted to give a record of about a fifth of the 
amplitude of the other; in this way the record was not lost when the 
amplitude became so large that the shadow of the string recording at full 
sensitivity was not recorded. The galvanometer was one of the type used 
in sound ranging in the 1914-18 war and was presented to us by the 
Royal Air Force Experimental Station. The harp was modified to allow 
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the BtringB to pass each other. A time scale was provided by a reed, driven 
by a lOO-oyde valve-maintained toning fork. 

In 1938 the explosive used was T.N.T. in 1| lb. blocks; a number of 
these blocks were tied together, a primer was provided for every four 
blocks, Mid the central block carried an electric detonator. In 1939 
blasting gelatine in 10 lb. sticks was used. These were placed in open tin 
cans which were tied together and weighted with clay; one 160 lb. charge 
was packed in a dust bin. The blasting gelatine is much cheaper than T.N.T. 
and seems to give a bigger ground motion. In 1938 the explosive was 
lowered from one of the Jason'u boats. It was only safe to launch the boat 
on fairly calm days and in consequence measurements could only be made 
on five days. It was thought that this difficulty could be avoided by using 
two small ships in place of a large ship and a boat. It was this that led 
to the hire of the two trawlers for the 1939 work. It was found that the 
proportion of days on which it was possible to work was not much increased 
as the Rtnown could not safely be anchored in deep water except on fairly 
calm days. The anchor employed was a 1 owt. CQR designed by Professor 
G. I. Taylor; with this anchor and 160 fm. of cable on a hand winch it was 
found possible to anchor in a depth of 100 fm. It was not possible to 
handle charges greater than 60 lb. firom the Jason’s boat, and it is an advan¬ 
tage of the use of two trawlers that it allows charges of any size to be used. 
The largest charge (160 lb. of blasting gelatine in 100 fm.) did not damage 
the ships, though the Arthur Rogers received a very noticeable blow fixim 
the sound wave. Some care would be necessary if larger charges were to 
be used in shallow water. 

The instant of explosion was recorded by the breaking of a wire wrapped 
round the charge. This wire was included in the modulator circuit of a 
wireless transmitter. The signal was received on the recording ship and fed 
to one string of the galvanometer. In preliminary experiments in 1938 
40 megacycle transmitters and receivers were used, but considerable 
trouble was experienced with variations in wave-length when the boat 
with the explosives rolled. A 7 megacycle transmitter and 40 megacycle 
receiver were finally used on the boat and a 40 megacycle transmitter and 
7 megacycle receiver on the Jason. In 1939 transmitters working on 7*0 
and 7-3 megacycles, stabilized with crystal oscillators, were used. These 
transmitters radiated about ^ watt and permitted duplex telephony, which 
is a great convenience. Some trouble was caused by loose rigging; the 
transmitter induced currents into various wires on the ship, sudden 
variations in these currents due to changes in resistance at loose joints 
caused clicks in the receiver. These clicks sometimes appeared on the 
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records and are difficult to distinguish £rom the marks showing the instant 
of explosion. 

The distance fix>m geophone to explosion was measured roughly by 
taking the mast-head angle of the recording ship from the explosives boat. 
Pr eliminar y trials showed, in agreement with Ewing’s experience, that 
the wave travelling through the water from the explosion to the geophone 
was clearly recorded and enabled the distance to be determined from the 
knovm velocity of sound in sea water. The records taken on the Jaam did 
not always show this wave as clearly as coiild be wished, and in 1939 a 
hydrophone was hung over the ship’s side at a depth of about 20 ft. and 
connected through an amplifier to one of the strings of the galvanometer. 
This always showed the sound through the water very clearly and usually 
enabled it to be identified with certainty on the geophone record. The 
distance from the explosion to the geophone is not exactly equal to that 
to the hydrophone, and it is therefore preferable to use the wave on the 
geophone record when it can be identified. 


3. Aocount of thk opbbations 

The Jaaon sailed from Portsmouth on Sunday, 10 July 1938. The weather 
next day was too rough for the boat with the explosives to be lowered, but 
by the 12th it had improved sufficiently for measurements to be made at 
station no. 1, 3'S miles south of the Lizard (figure 3). Three instruments 
were laid on the sea bottom, but the swinging of the ship with the tide 
caused two of them to be lost,'after which it was decided to use only one 
instrument at a time and to attach a steel cable to it. During the night 
the Jaaon moved 112 miles west-south-west to station 6, on the 13th 
measurements were made at this station, but only a lower limit was 
obtained for the thickness of the sediments. The Jaaon then moved 53 
miles further west-south-west to station 7; on the 14th, measurements 
were made at this station; again no bottom could be found to the sediments 
with the amount of explosive that it was possible to handle from the boat. 
The sea next day was too rough to allow the boat to be launched and the 
Jaaon moved east-north-east again to station 2, and on the 16th a good 
set of records was obtained. On the 17th, measurements were made at 
station 3. The Jaaon sailed homewards that evening and arrived at 
Swanage on Monday, 18 July. 

The Arthur Bogtra and the Renoum sailed from Plymouth on Saturday, 
3 June 1939; next day both ships put into St Mary’s in the Scilly Isles 
On tlie 6th, two shots were fired in the anchorage to determine the velocity 
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of elastic waves in the granite there. Both ships then sailed to station 4 and 
the Renown anchored. Next day measurements were made at this station, 
and during the night both ships sailed to station 6, where measurements 
were made on the 7th. It was intended to make the next measurements 
near station 7, which had been visited in 1938, but the next two days were 



too rough to work and the ships were hove to most of the time. During 
this time they drifted some way to the west and it was found difficult to 
sail back against the wind. The attempt to reach station 7 was therefore tem¬ 
porarily abandoned and measurements were made at station 8 on 10 June. 
The ships then sailed back to near station 7, but the weather on 11 June 
was too rough to anchor. An attempt was made to work without anchoring. 
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but it was found impraotioable to prevent the ship from pulling on the 
cables and disturbuig the geophone. As the weather appeared to be getting 
worse it was decided to return to Helford. The Arthur Rogers arrived there 
on the evening of the 12th and the Renown on the 13th. On 14 Jtme 
measurements were made at station 9 in mid-channel, and on Thursday, 
15 June, both ships returned to Plymouth. 

4. Rssm.TR 

A typical record is illustrated diagrammatioally in figure 4. The first 
event to be recorded is the wireless signal indicating that the explosion 
has occurred {A, figure 4); next a wave travels through the water to the 
boat carrying the explosive, modulates the wireless transmitter by shaking 
it, and is therefore recorded by the string connected to the wireless receiver 
{B, figure 4). The separation of the two records is the time taken for the 
wave to travel from the explosion to the boat; this is the time taken to 
travel through a distance rather greater than the depth of the water. At 
short distances the next event to be recorded is the arrival at the geophone 

jjeophone mmmmmmmm . . 

^ C D F 

w.rele.6 ' ■ » ' '-*Vy^ 

A B 

hytirojihone 

K 

Fiqubk 4. Diagrammstto illustration of a record 

of the wave through the sediments, but at greater distances this is preceded 
by the refracted wave which haw travelled down through the sediments, 
along m the rocks below, and up again, the arrival of such a wave is 
illustrated at C in figure 4. This first arriv.il may be succeeded by waves 
through the sediments (2>, figure 4) Before the latter have subsided, the 
sound through the water will amve at the hydrophone, which has until 
then been steady (E, figure 4). The same w'ave may or may not be apparent 
on the geophone record {F, figure 4). 

Figure 6 is a reproduction of a record taken at station 6 with 20 lb of 
blasting gelatine at a distance of 22,210 ft. Only the geophone trace is 
reproduced, but the points at which the wireless records the instant of 
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explomon and the hydrophone records the arrival of the sound are marked. 
At 4-2 sec. the trace recorded at full smisitivity becomes illegible owing to 
its great amplitude, but the low sensitivity trace (reproduced above the 
other) prevents the record being lost. 

00 01 0-: 03 04 05 06 07 OS 09 

-j-1-1-^-4--+-^^-1-1- 

pxplosion 


16 17 IS . 19 20 21 


22 23 24 25 26 27 28 29 30 31 32 33 






after explosion 
dlrert wave 


hydr^hone after explosion 
sound at 
Aeophonc 


Fioxtbs 6. Reproduction of the geophone traoe at station 6 at 22,210 ft. 
The record » half full size. 


The positions of the stations are shown in figure 3 and in table 3. The 
times and distances are summarized in table 1 and the deduced thiohnesses 
and velocities for the various layers in table 2 . The geophone was kept at 
a fixed point and a number of explosions were fired along a line passing 
through the geophone. When sufficient shots had been fired on one side of 
the geophone the explosives boat usually sailed to a suitable distance on the 
other side and a further shot was fired. The record from this shot enabled 
any slope of the surface separating the sediments from the underlying rock 
to be detected, and the error produced by it in the measured velocities to 
be allowed for. 

The methods used in reducing such observations have recmitly been 
discussed by the authors in some detail (Bullard, Qaskell, Harland and 
KeiT'Qrant 1940 ) and this discussion will not be repeated here. Straight 
lines were fitted by least squares to the observed times of arrival of the 
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Tablb 1. Thus and distanoks 



Wt.of 








Station 

explosive 

Distance 


Time 



Heaiduals 


no. 

lb.t 

ft. 


see. 



10-' see. 


1 

T,N.T. 

480 

_ 

_ 

0 045 

_ 

_ 



„ 

790 

— 

— 

0082 

_ 

_ 

_ 


„ 

1,870 

— 

0-100 

— 

— 

+ 4 

_ 


„ 

2,606 

— 

0-243 

— 

— 

-3 

_ 


„ 

4,210 

0-877 

0-877 

— 

•f 1 

-3 

_ 



6,230* 

0-436 

— 

— 

( + 12)* 

— 

_ 


„ 

6,800 

0-407 

0-606 

— 

-2 

-1-2 

— 


„ 

8,640 

0-676 

— 

— 

+ 1 

— 

__ 

i 

li T.N.T. 

700 

_ 

0-112 

_ 

_ 

0 



B 

1,080 

— 

0-288 

— 

— 

-28 

_ 


121 .. 

3.370 

0-380 

— 

— 

-10 

_ 

_ 


121 .. 

4,480 

0 460 

0-709 

— 

-6 

-6 

_ 


23f .. 

6,900* 

0-620 

0-040 

— 

( + 68)* 

0 



171 .. 

6,080 

0-600 

0-080 

— 

+ 21 

+ 11 

— 


20 .. 

8,400 

0-720 

— 

— 

+ 16 

— 

_ 


871 

0,040 

0-746 

— 

— 

+ 3 

— 

— 


60 „ 

11,320 

0-860 

— 

— 

-21 

— 



26 „ 

12,180 

1-031 

Record too feeble to use 



3 

21 T.N.T. 

660 

_ 

0 096 

— 

— 

+ 6 



6 

2,270 

— 

0-298 

— 

_ 

-12 

_ 


10 „ 

3,200 

0-380 

0-440 

— 

-4 

-6 



16 

3,070 

0-420 

0-660 

— 

+ 6 

+ 17 

_ 


26 

6,040* 

0-660 

0-700 

— 

( + 102)* 

+ 11 

— 


20 

6,270 

0-470 

0-740 

— 

+ 3 

+ 19 

_ 


021 .. 

6,990 

0-630 

0-980 

— 

-8 

-26 

_ 


30 

8,080 

0 620 

— 

— 

+ 2 

— 

— 

4 

11 B.G. 

1,610 

— 

0 244 

— 

— 

+ 7 

— 


21 » 

2,230 

— 

0-342 

— 

— 

-6 

— 


6 

6,270 

0-628 

0-968 

— 

-4 

-8 

— 


10 ., 

8.210 

0-727 

1-30 

— 

+ 8 

-f20 

— 


16 .. 

10,640 

0 820 

1-63 

— 

-4 

-10 


3 

11 T.N.T. 

040 

0172 

— 

— 

_ 

— 

__ 


3f .. 

2,740 

0 460 

— 

— 

— 

— 

_ 


6 

8,638 

0-646 

— 

— 

— 

— 

— 


.. 

4,032 

0-78 

— 

— 

— 

— 

— 


71 .. 

6,610 

1-224 

— 

— 

— 

— 

— 


10 

8,100 

1-44 


— 

— 

— 


6 

1 BU 

420 

— 

0-073 

— 

— 

+ 6 

— 


2 „ 

3,260 

— 

0 492 

— 

— 

-86 

— 


10 „ 

8,780 

0 929 

1-37 

— 

■f-30 

-48 

— 


18 ,. 

9,780* 

0-831 

1-638 

— 

(-113)* 

— 

— 


8 ,. 

0,840 

0-048 

1-606 

— 

0 

+ 6 

— 


16 „ 

13,400 

1-076 

2-182 

— 

-62 

-10 

— 


20 

22,210 

1609 

3 636 


•f21 

-f27 



40 „ 

38,630 

2 628 

~ 

“ 

( + «8) 

(explosion 
marker ambiguous) 


Shot on other side of recording ship. t T.N.T. = Trinitrotoluene, B (}. = Blasting gelatine. 
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Wt. of 

Station explosive 

no. lb. 

7 IJ T.N.T. 


5 

81 .. 
121 .. 
IS 
20 
28 

8 ABC. 

10 
10 
20 

40 „ 

70 

80 

160 „ 
140 

S I BG. 

2 
4 

6 

20 

28 „ 
40 „ 

70 „ 


Tabli 1 (eontmued) 


Reaiduaifl 
1(H see. 


S80 — — 0048 

600 — — 0118 

1,110 — — 0-200 

3,830 — — 0-696 

4.260 — — 0-766 

4,900 — 0-774 — 

6.260 — 0 981 1-146 

8,040 — 1 128 — 

10,940 — 1421 — 


4,780 — 0-742 — 

13,370 — 1-687 2-23 

17,630 — 2-091 3-06 

24,360 2-722 — 4 13 

31,870 3 028 — 6-82 

39,080 8-397 — 6-88 

43,170 3-497 — 7-46 

80,660 8-748 — 8 87 

69,710 4-248 — — 


600 — 0-081 — 

2,460 — 0-212 

4,410 — 0-460 — 

6,770 0-712 0 712 — 

8,230 0 814 — — 

12,390 1-186 — — 

14,000 1-262 — — 

16,480 1-474 — — 


— — +9 

— — +7 

— — -17 

— — +28 

— -11 — 

— +26 +68 

— +18 — 

— +10 — 

_ -30 — 

— +4 -90 

— -14 -10 

+ 7 — -100 

-6 — -20 

+ 67 — +60 

-16 — -40 

-80 — +80 

+ 33 — — 


— -42 — 

— +4 — 

+ 2 +12 — 

-11 — — 

+ 34 — - 

-26 — — 

+ 1 — — 


waves. The velocities and intercepts obtained, together with their standard 
errors, are given in table 2. In computing the standard errors of the velo¬ 
cities no allowance has been made for the possible effect of undetected 
slope. In table 1 the observed times and the residuals &om the adopted 
lines are arranged in columns so that at any station the points lying on one 
line are in the same column. It was found that the line corresponding to 
the direct wave usually went through the origin within the uncertainty of 
measurement, in the least squares reduction of such lines the intercept 
was forced to be exactly zero. 

Station 1. This station is 3-8 miles south of the Lizard. The first two 
{xiints on the time-distance curve (figure 6) give a velocity of 9000 ft./sec. 
The next three points and a second arrival on the shot at 6800 ft. give 
12,000 ft /sec. Shots at 4210, 6890 and 8640 ft. give a velocity of 21,760 
ft./sec. The tune-distance graph indicates an increase in velocity from 9000 
to 12,000 ft./sec. in the first 200 ft., followed by a sudden change to 
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Table 2. Summaby of vblooitibs and intsboefts 


Station 

Velocity 

Intercept 

Thickness 

no. 

ft./sec. 

sec. 

ft. 

1 

9,000 

0 000 

200 


12,000 ± 160 

0-029 ± 0 006 

1020 


21,760 ± 380 

0-183 ±0-006 

Total im 

2 

6,270 ± 60 

16,490 ± 800 

0000 

0-194 ±0-026 

660 

3 

7,310 ± 80 

*24,360 ± 830 

0000 

0-261 ±0-008 

960 

4 

6,420 ± 50 

22,200 ±1600 

0-000 

0-860 ±0026 

1170 

6 

Ckimbmed with station 6 


6 

6,160± 60 

119,290 ±2040 

0000 

0 437 ±0-071 

1420 

7 

(knnbmei with station 8 


8 

6,760 ± 20 

0 000 

990 


9,640 ± 170 

23,660 ±1140 

0-276 ±0-019 

1 680 ± 0 089 

7120 

Total 8110 

9 

9,680 ± 270 

12,730 ± 620 

0-000 

0-178 ±0 039 

1320 


* 19,000 ft./aec. if allowance is made for slope, 
t 21,000 tt./Bcc. if allowance is made for slopie. 


Table 3. Summaby of besults 


Depth to hard rock 

Long. Depth of Below sea Below sea 

W sea (ft.) bottom (ft.) level (ft.) 


1 49' 66' 

2 49 34 

3 49 30 

4 49 33 

6 49 13 

6 49 18 

7 48 64 

8 48 46 

9 49 41 


6' 12' 270 

6 40 360 

7 09 360 

7 30 410 

7 66 460 

7 66 440 

9 10 620 

9 48 690 

4 42 280 


0 270 

660 1010 

1010 1320 

1170 1680 

> 1400 > 1860 

1420 1800 

> 3670 > 4090 

8110 

0 


8700 

280 
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21,760 at a depth of 1220 ft. It ia quite poaeible that the moreaee firom 
9000 to 12,000 ia gradual, although two layers have bewi aaaumed for 
convenienoe of calculation. 

The rook with a velooity of 21,760 ft./aeo. is presumably <rfniila.r to the 
igneous rooks exposed on the neighbouring land, where the velooity in a 
gabbro has been determined by Gaskell and Harland to bo 20,600 ft./seo. 
It is surprising to find that tl^ rook is so deeply buried at a point only 
3*8 miles from its outorop. The wave firom a shot at 6230 ft. on the opposite 
side of the recording ship arrived 0*011 see. later than was expeoted firom 
the straight line through the other points. This would indicate that the 
interface was sloping at 1 in 90 along the line away firom the land, but with 
so few shots this cannot be regarded as certain. velocity found for the 
overljdng material is much too great for recent sediments near the surfaoe 



Fiqubs 6. Time*<liBtaaoe gnph for Btation 1. 

(compare the velocities found at the other stations or in the Mesoxoic 
clays of East England), and is that to be expeoted for a hard shale or a 
sandstone. This result is discussed below. 

Station 2. Eleven shots were fired at distances up to 12,130 ft. In¬ 
sufficient explosive was used for the furthest shot and the results were not 
used in the calculation. The time-distance graph is shown in figure 7. A layer 
giving a velooity of 6270 ft./seo. and a thickness of 660 ft. is indicated, 
overlying rook giving a velocity of 16,490 ft./seo. A shot in the reverse 
direction indicates a slope of 2° along the line. If this persists all along the 
line the true velocity would be 14,900 ft./sec. The velocity in the top layer 
indicates a fairly well consolidated sediment. The rook below may well be 
granite similar to that in the Scilly Isles 20 miles to the north-east, where 
a velocity of 18,390 ± 130 ft./seo. was obtained in 1939. The velooity here 
is definitely lower than that at most of the other stations. 
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Station 3. Eight satisfactory records were taken between 666 and 
8634 ft. Two records at 11,300 cuid 12,620 ft. were too feeble to be used. 
The time-distance graph is shown in figure 8. The results indicate a thickness 
of 980 ft. of material with a velocity of 7600 ft./sec., overlying material with 
a velocity of 24,360 ft./sec. A shot in the reverse direction gives a point 




above the 24,360 ft./sec. line, indicating a slope of 4°, the sediment being 
thickest to the south-east. If this slope exists all along the line the velocity 
below the sediment would be 19,000 ft /sec 
Station 4. This was the first station visited in 1939. It was intended to 
be midway between stations 3 and 4, but owing to an error in navigation 
it is 10 miles to the north of the intended position A transition from 6420 
to 22,200 ft./sec. is found at a depth of 1170 ft. Unfortunately the instant 
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of explosion is not recorded on two records taken at about 4000 and 6000 ft.; 
these records show the direct and refracted waves and the sound very 
clearly, but in the absence of an explosion mark neither the distances nor 
the times are known exactly. The failure of these two records greatly 
increases the uncertainty of the velocity in the lower layer and of the 
calculated depth, but in a general way there is no doubt about the result. 
The time-distance graph is shown in figure 9. 



Station 6. Nine records were taken at distances up to 14,000 ft , but 
insufficient explosive was used for the longer shots. The results merely 
show that there is no rock giving a velocity as great as 20,000 ft./sec. 
within 1400 ft. of the surface. The measurements are plotted on figure 10 
with those at the neighbouring 1039 station no. 6. 

Station 6. This was the second station visited in 1939. It was intended 
to be at the same point as the 1938 station, but is 6 miles to the north. 
The observations at the shorter distances agree with those at station 0 
(see figure 10). At greater distances'a refracted wave with a velocity of 
about 19,000 ft./sec. is observed. A shot in the reverse direction indicates 
a slope of 2°. If this extends all along the line the true velocity would be 
21,000 ft./sec. 

Station 7. Too little explosive was used for the shots beyond 11,000 ft. 
and the records are too weak to use. The nine nearer records give times 
that do not give a straight line on a time-distanoe graph. The first three 
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records give a itreight line, which is oontiniied by second airivals on some 
of the later records. 'Hub probably indioatee a layer giving a velocity of 
about 5760 ft./seo. and with a more or less definite lower boundary. Below 
this the velocity increases to about 9640 ft./seo. It is clear from the records 
that no branch of the time-distanoe curve giving a velocity as great as 
20,000 ft./seo. can have on intercept lees than 0-80 sec. This sets a lower limit 
of 3670 ft. to the thickness of t^ sediments and indicates that no rooks 
with this velocity lie at lees than 4000 ft. below sea level. The unsuccessful 
attempts to extend the measurements at this station in 1939 have been 
described above. 

4 0i-1-1-1-1 

3 

I, 


distance (ft.) 

Fioubjb 10. Tune-distance graph for stations 6 and 6. 0 station 6, • station 6. 

Station 8. This station is about a mile inside the 100 fin. line and very 
near the edge of the Continiental Shelf (the edge being taken as the line 
where the slope of the sea fioor changes fi»m about 1 in 3000 to 1 in 30). 
The results obtained in 1938 at station 7 had suggested that sediments 
of a thickness approaching 10,000 ft. might exist at this station and 
that a long line would therefore be necessary. Nine records were taken 
at distances between 4780 and 69,710 ft. The records at the shorter dis¬ 
tances agreed with those taken at station 7. A pulse lying near the low 
velocity line observed at station 7 is recorded on nearly all the records. 
The records out of 20,000 ft. give points lying on the higher velocity lino 
found at station 7. The results from station 7 have therefore been com¬ 
bined with those at this station, and the combined time-distance graph is 
shown in figure 11. A branch of the time-distanoe curve giving a velocity 
of 23,660 ft./seo. is observed on six records taken at distances between 
24,000 and 60,000 ft. The sound, besides being recorded by the micro¬ 
phone, is also visible on the geophone records, its sharp onset occurring 
on the more distant records over I sec. after the rather gradual onset of 
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the 6750 fb./seo. wave. There is therefore little doubt that the latter really 
is a wave through the aedimenta and not a wave through the water. 

The feat wave from the rook below the aedimenta is particularly well 
obaerved at thia atation, and the calculated value of the depth ahould be 
more accurate than at most of the other stations. 



0 10000 20000 -10000 40000 50000 60000 

diatanco (ft) 

Fiuurk 11 Tune-diatanco graph for atationa 7 and 8. O station 1, • station 8. 


Station 9. The object of the measurements at this station was to deter¬ 
mine whether the material giving a velocity of 9000-12,000 ft./sec. found 
at station 1 near the Lizard extended to the middle of the Channel The 
results show that there is no unconsolidated sediment, the velocity being 
about 9700 ft./sec near the surface and increasing to about 12,700 ft /sec 
at a depth of about 1300 ft. The increase may well be continuous, although 
it has been treated as discontinuous for purposes of calculation. There is 
no sign of a wave with a velocity of about 20,(MX) ft./sec.; such a wave 
would have been observed if its time-distance line had an intercept of 
more than 0-6 sec From this it may be shown that rock giving a velocity 
of 20,000 ft./sec. cannot be present at a depth of less than 3400 ft. below 
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the bottom of the aea. The ooiuiderable thickness of rocks with a velocity 
of 9000-12,000 ft./sec. found at these two stations indicates that the 
igneous and metamorphic rocks that form the southernmost points of 
Cornwall (Land’s End, the Lizard, the Eddystone Rock, etc.) do not form 
the floor of the Channel. 



Fioitrk 12, Timo-dutance graph for station 9 
6. Ebbobs 

The residuals in the last three columns of table 1 have been used to 
calculate the standard error of one observation. For this purpose the waves 
that arrive first were treated separately from those arriving when the 
ground was already in motion, and each group was divided into those with 
transmission times of less than and greater than O*? sec. The results were 

30 first arrivals taking less than 0'7 sec., 

standard error = 16 x J O ® sec. 

28 first arrivals taking more than 0-7 sec., 

standard error = 34 x 10“® sec 
4 second arrivals taking less than 0*7 sec , 

standard error — 12 x 10 ® sec 

21 second arrivals taking more than 0-7 sec , 

standard error = 62 x 10 “® sec 

Allowance has been made for the 24 velocities and intercepts that have 
been determined before the residuals were calculated. These figures may 
be compared with the 3 x 10-* sec. obtained in work on land with very 
similar apparatus (Bullard et at. 1940 ). The impression gained from 
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meaBoring the roeoids is that the unoertainty for the shorter shots is two 
or three thousandths of a second and for the more distant ones about fifteen 
thousandths, rising to perhaps twenty-five thousandths for some of the 
very distant second arrivalB. The considerable excess of the observed 
errors over these values might be accounted for by departures of the rooks 
from uniformity, but we are not satisfied that this conclusion is justified. 
On the 1939 cruise the disturbances caused to the wireless by loose rigging 
occasionally made the record of the instant of explosion a little indefinite, 
also the record of the sound on the microphone is often preceded by a small 
disturbance which can cause some ambiguity when the sound is not dis¬ 
cernible on the geophone record. These causes may have produced a few 
large residuals which have increased the standard error. If further work 
were done it would be desirable to arrange that the breaking of the wire 
round the charge caused the transmitter to send a 600 cycle note in¬ 
stead of a pulse as at present. 


6. Natubb or thk sbdimbnts 

The velocities found for the waves travelling in the top 1000 ft. of 
sediments vary from 6760 to 7310 fb./seo. This may be compared with 4900- 
6300 ft./sec. found in the coastal plain of Virginia (Ewing ei al. 1937 ), and 
with 6900 in the Gault, 6000-7000in the Oxford Clay, and 7600-87^ ft./sec. 
in the Lower Lias of Elast England. Hie velocities found are therefore 
what might reasonably be expected for marine sediments that have under¬ 
gone no very extreme degree of consolidation. 

Stations 7 and 8 where the depth of the floor is greatest show that the 
velocity increases to about 9600 ft./sec. It is a matter of great importance 
to the subsequent tugument to determine whether the rock giving this 
velocity is similar to the sediments above, only more thoroughly con¬ 
solidated by the weight of the overlying rooks, or whether it is separated 
from them by a major unconformity. In the former case there is at the 
edge of the shelf a thickness of over 8000 ft. of more or less continuous 
sediments laid on a basement of rooks giving a velocity of about 20,000 
ft./sec. In the latter case we have two separate sedimentary series of 
possibly widely difiering ages; there might for instance be a Palaeozoic 
series giving the 9600 ft./sec., overlain by recent sediments. 

The evidence on which this matter has to be decided is not entirely con¬ 
clusive, but as there is little prospect of collecting more for some time to 
come, it seems worth while to discuss it. Measurements of velocity in 
thick sedimentary series in other parte of the world have given comparable 
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vdodtieB at Bimilar depths. For instance, data quoted by Ewing and Leet 
( 193 a) give the velooitiee shown in table 4 for the sediments of Louisiana. 

Tabls4 


Depth Velooity 

ft. ft./Beo. 

0 4fi00 

2000 6080 

4000 7890 

6000 8870 

8000 9720 

There is therefore nothing in the velocity of 9000 ft./sec. to suggest that 
the rocks are not unmetamorphosed sediments. Further the velocity is 
exceptionally low for the English Palaeozoic or Pre-Cambrian; Bullard 
et al. ( 1940 ) measured twenty-six velocities all lying between 11,260 and 
10,600 ft./sec. A few measurements of velocities in the Palaeozoic and Pre- 
Cambrian rocks of West Ekigland have been made without finding any 
with a velocity as low as 9600. It would therefore be somewhat surprising 
if the 9600 ft./sec. rook were Palaeozoic. It is desirable that further 
measurements should be made, since some types of rock, in particular the 
Old Red Sandstone and the Coal Measure shales, have not been studied. 
It may, however, be assumed tentatively that these rocks are unmeta¬ 
morphosed but fairly well consolidated sediments, similar to those found 
in bore holes on the Atlantic coastal plain of the U.S.A. 



7. The form of thb floor 

Figure 13 shows a section along the line of measurements; the results 
used are summarized in table 3. It shows that the floor slopes gradually 
seawards, and that if this slope were extrapolated it would pass over 
smoothly into the floor of the deep ocean beyond. Whether the floor is in fact 
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oontinuons aoroes the edge of the aheif it is impossible to say, and further 
investigation of the matter on the eastern side of the Atlantic is for the 
present impossible. If the floor is continuous then the edge of the shelf 
cannot mark the site of a fault, and must represent merely the edge of a 
pile of sediments growing seaward. There is good evidence from the 
presence of erratics on the sea floor that sedimentation is not at present 
going on in the western approaches to the English Channel. It may there¬ 
fore be supposed that a particle of sediment falling on the sea floor is not 
able to rest there, but is carried hither and thither by wave and current 
action imtil it comes to rest in deeper and quieter water on the slope 
beyond the 100 fm. line. The surface of the shelf would consist of material 
having a grain size that could just not be moved by wave motion and 
currents. Such a process would result in the shelf gr^ually growing for¬ 
ward on the downward sloping surface of the floor, whilst the sea bottom 



Fiourk 14. Hypothetical arrangement of sedimente Vortical 
scale 30 times horizontal 


on the shelf was covered throughout by relatively coarse sand (Shepard 
and Cohee 1936). At the edge landslips would occur and maintain the slope 
at the angle of repose. In this way great thicknesses of "slumjied” sedi¬ 
ments of the kind dracribed by Jones (1939) and others would be produced. 
The weight of the superincumbent sediments would drive out some of the 
water and to some extent consolidate the lower part of the sedmients, and 
would produce the observed increase in velocity. The sediments would lie 
in lens-shaped masses, as shown in figure 14 , the older rocks lying below and 
to the west qf the younger. The progress of sedimentation may be inter¬ 
rupted by vertical movements or by changes of currents, and the succession 
is not necessarily continuous. How long the total time required may be 
we have no means of estimating. In the Atlantic coastal plain of the 
United States most systems from Cretaceous to recent are represented, and 
analogy suggests that the European continental shelf is not likely to be 
entirely of recent origin. 
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Some doubt is thrown on the correctness of this view of the structure of 
the shelf by the results of dredging carried out by Stetson in the Georges 
Bank canyons (Stetson 1936 , Stephenson 1936 , Bassler 1936 , Cushman 
1936 ). From points 10 miles &om the mouth of one canyon and 4 miles 
from the mouth of another he obtained Cretaceous sandstone, which he 
gives strong reason to suppose was in place. Such an occurrence is difficult 
to reconcile with the structure shown in figure 14, which allows the older 
sediments to be exposed some way on the landward side of the edge of the 
shelf but not just at the edge. It is most desirable that further dredging 
and core sampling should be carried out, particularly in canyons further 
south where there is no possibility of the material being broken from 
large erratics. While this paper was passing through the press, a letter 
firom Professor Shepard has appeared (1940) criticising the view suggested 
above. Some comments on this letter have been made by one of the 
authors (Bullard, 1940 ). 

8. Thk bocks benbath the channel 

The two stations 1 south of the Lizard, and 9 m mid-Channel show no 
surface low-velocity layer. A rock giving a velocity of 9680 ft./sec. is 
directly on the surface, underlain by a rock giving a velocity of 12,700 
ft./sec. Dredging near the Lizard has shown that the bottom of the sea is 
covered with a red sandstone which is probably in situ (Crawshay, 1907 , 
Worth 1907 ). Specimens of what is said to be this rock are to be seen in 
the fish storage tank at the back of the Marine Biological Station at Ply¬ 
mouth. The layer 200 ft. thick giving a velocity of 9000 ft./sec. at station 1 
is presumably this rock and possibly also the 1320 ft. of 8690 ft./sec. at 
station 9. The failure to find any really high velocity rock at either 
station is somewhat surprising, as igneous and metamor))hic rooks occur 
on the south coMt of Cornwall at Land’s End, the Lizard, and the Eddy- 
stone Rock, and also in Brittany. It was thus natural to suppose that they 
would have been continuous under the Channel at no great depth. It 
appears from this and from the dredging results that the Channel is not 
merely a place where the sea has broken through, but is also the site of 
a basin of Mesozoic rooks softer than those on either side. 

It is conceivable that the rock giving 9600 ft./sec. at these stations is to 
be correlated with that giving 9640 ft./sec. at station 8 , but the absence of 
such a velocity at intermediate stations makes this unlikely. 
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0. POSSIBLB MBTHODS 07 WOBKING IN DBBPER WATBB 

It is clearly desirable that measurements similar to those described in 
this paper should be extended beyond the edge of the shelf into water over 
1000 fm. deep. The difficulties of handling long lengths of electric cable 
would make this a prohibitively expensive undertaking if a technique 
similar to that employed in the present work were used. To reduce the 
length of the electric cables Ewing tried lowering the apparatus and 
charges to the bottom on a steel cable; the charges, geophones, and 
recorder being all on the bottom, and interconnected by electric cable. 
The disturbances produced by the ship pulling on the cable were so great 
as to render this method impracticable. He then tried lowering the 
instruments separately, attached to petrol-filled balloons which caused 
them to rise again at the conclusion of the measurements (Ewing 1938 ). 
Ab far as is known, no deep water results have yet been obtained by this 
method, but there seems no reason why it should not work. 

A few preliminary experiments were made with an alternative method 
in the late summer of 1939, but had to he abandoned before it was certain 
that it would work. As it is uncertain when it will be possiblo to resume 
the work it is thought worth while to describe the method briefly here. 
It was proposed to let a Ime of charges sink freely to the bottom, attached 
to clocks or other devices to ensure that they fired some time after reaching 
the bottom. It was hoped that the elastic waves through the bottom 
could be detected by a microphone at the surface of the sea. The distance 
and time of explosion can be determined if the direct and reflected waves 
through the sea fiom the explosion to the microphone can be observed. 

Whilst investigating this method a very curious phenomenon was 
observed When a detonator was exploded in water two separate pulses 
were observed. The cause of the second one is unknown, but it is possible 
that it is due to collapse of the bubble of gas formed by the explosion. 
This phenomenon, and indeed the whole question of the propagation of a 
wave from on explosion in water deserves further investigation. 
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The dissociation constants of the methylammonium ions 
and the basic strengths of the methylamines in water 

By D. H. Evseett and W. F. K. Wynnb-Jonbs 


(Communicated by Sir Harold Hariley, F.B.8.—Received 4 November 1940) 


The disBOOWtion constants of the three substituted raethylanunonium 
ions have been determined m water at 10° mtervals from 0 to 60° C. From 
those results values have been derived and tabulated for the free energies of 
dissociation, heats of dissociation, entropies of dissociation and the heat 
capacity changes for these ions, as well as the corresponding quantities for 
the ionisation of the amines. The heat capacity clianges are discussed and 
it IS shown that they cannot be interpret^ by simple electroetatio theory 
It 18 shown that the anomalous order of the basic strengths of the ammes 
probably disappears at low temperatures. 


We have shown recently that the dissociation constants of positively 
charged acids may be determined accurately by measurements of the 
e.m.f.s of cells of the following composition (Everett and W}mne-Jones 

1938): 


H, 



HQ 

KQ 

amine 

H, 

KCl 

3Sn 

amine hydrochloride 
KCl 


The liquid junction potential may be eliminated by an extrapolation method, 
and by carrying out measurements at different ionic strengths the thermo¬ 
dynamic dissociation constants may be evaluated. 
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This work haa now been extended to the primary, secondary and tertiar}' 
methylammonium ions whose dissociation constants have been determined 
at 10® intervals over the range 0-60® C. 

Expebimbktal 

The experimental method was essentially the same m in the earlier work 
but several refinements were introduced. 

For the meMurement of the e.m.f. we used a Tinsley Vernier potentio¬ 
meter, reading directly to 0 01 mV. in conjunction with a Cambridge 
D’Arsonval galvanometer and a Weston standard cell. The 20, 30, 40 and 
60® C thermostats were similar to those previously employed. The 0 and 
10® baths were cooled by standing in a Frigidaire refr^rator containing 
calcium chloride solution. The rate of cooling could be adjusted by varying 
the depth of immersion of the baths in the refrigerator liquid. Sunvio hot¬ 
wire vacuum switches were used for the two low-temperature thermostats 
in conjunction with all-mercuiy thermoregulators. The temperature control 
was to within 0 01 at 0, 20, 30 and 40® C, and to 0 02 at 10 and 60® C. 

The cells were the same as those used for the ammonia work, apart for 
slight modifications mentioned below for use with trimethylamino. In the 
later experiments transfer of the solutions to the cells was carried out in a 
closed CO,-free system so that contact with the atmosphere was avoided. 
All solutions were made up from conductivity water and used immediately 
after preparation The amine hydrochlorides, purified as described below, 
were kept in vacuum desiccators. The e.m.f. of the cells remained constant 
to 0-01 mV; the reproducibility was usually 0-06mV although deviations 
of 0-10 mV occurred occasionally 

In working with trimethylamine buffers the high partial vapour pressure 
of the amine caused some difficulty. After 1-2 hr. bubbling at 20® C the 
e.m.f. of the cells fell off very rapidly. This was traced to the removal of 
trimethylamine from the cell solution by the hydrogen stream; the contents 
of the bubblers were found to be over one-half depleted in amine after 4 hr. 
bubbling. Eventually a train of six bubblers with a total capacity of 30 c.c. 
was found sufficient to produce efficient saturation of the hydrogen stream 
for the duration of a run. We note in this connexion that Hamed and 
Robinson (1928) found that cells containing ammonia and trimethylamine 
were less reproducible than those containing mono- or dimethylamine. 

The high partial vapour pressure of trimethylamine does not make it 
necessary, however, to apply any correction to the e.m.f. of the cells since 
the extrapolation to zero concentration of buffer, the buffer ratios remaining 
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approximately constant, eliminates not only the liquid junction potentials 
but vapour pressure effects also. 

The bases examined are much stronger than ammonia so it is necessary 
to apply a correction for the removal of amine by the reaction. 

amine + H,0 = amine H+ + OH'. 

Since the activity coefficients of the hydrogen ions are the same in the two 
cell compartments, we have, neglecting for the evaluation of this correction 
the liquid junction potential, 

E = {RT|F)hi{c^(^|ca^ buffer), 

from which Ch+ in the buffer may be evaluated. The ionic product of water 
at different ionic strengths of KCl is known iirom the work of Harncd and 
Hamer (1933) so that the OH' concentration in the buffer solution may be 
calculated. The true buffer ratio is then given by 

^ ** +®OH')/(C*inlne~‘5oH.), 

where and c,n,ineH ^ *0 analytical values. 


Purification of materiauj 
Monomethylamine hydrochloride 

Three samples of monomethylamine hydrochloride were used. The first 
had been purified in 1932 by Mr K. T. B. Scott; this was dried for 2 hr in an 
oven at 100° C and at 60 mm pressure and had m.p. 223-227° C. The other 
samples were obtained by purification of B.D.H. chemical which was first 
washed with pure chloroform to remove traces of dimethylamine hydro¬ 
chloride, the presence of which had been detected in the commercial product 
by the benzene sulphonyl chloride test. The product was reorystallized from 
n-butyl alcohol in two portions. Six to eight extractions were carried out 
with each portion using 4-6 parts of fresh solvent for each extraction. The 
crystals were drained on a centrifuge, and after heating 2-3 hr. at 100° C 
50 mm. pressure they had m.p. 224-226° C; but they still had a strong odour 
of n-butyl alcohol. One portion was washed with chloroform, filtered and 
dried as before and had m.p. 227-231° 0. The second portion, which was 
recrystallized from water, centrifuged and dried, had m.p. 229-233° 0 
(Beilstein Hw, 226-228° C, HgB. I, no definite m.p.). The various samples 
gave identical results in the e.m.f. measurements 
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JHmethyknnine hydrochloride 
This salt was obtained purifioation of the B.D.H. product. It was 
reorystallized twice, with centrifuging, firom absolute alcohol, then from 
absolute alcohol with a few drops of concentrated hydrochloric acid, and 
finally from absolute alcohol. After drying under reduced pressure the 
product melted sharply at 170-171" C (Beilstein quotes 171° G). A large 
number of reorystallizations were necessary owing to difficulty in removing 
an unidentified impurity which coloured the hot solutions bright green, 
changing to a brownish colour on cooling. A similar impurity which could 
neither be isolated nor identified appeared to be present in one sample of 
tiimethylamine hydrochloride but in this case was more easily removed. 

Trimethylamine hydrochloride 

An old sample of the hydrochloride (B.D.H. 1932) was reorystallized 
from pure chloroform and then from water, m.p. 27^281° C. A freshly 
supplied sample (B.D.H.) was reorystallized from chloroform and had 
m.p. 282-284° C (Beilstein quotes 277° 0). Owing to the wastefulness of 
reorystallizing from water, this second sample was not purified further. 


Rbsolts 

In tables 1-3 the experimental results for cells containing mono-, di- and 
trimethylamine respectively are summarized. Readings were not always 
made exactly at round temperatures, and the figures given are interpo¬ 
lated values. The interpolation was, however, not usually over more than a 
few tenths of a degree corresponding to a change of not more than 0*1 mV 
in the e.m.f. 

The concentrations are expressed in g.mol./lOOO c.c. of solution at 15° C, 
and the factor STjF has been taken as 0°-0019836 T with T = t°C + 273'1. 

Tables 4-6 contain the values of — logA^' at various concentrations of 
amine ion and at various ionic strengths; the extrapolated values to zero 
buffer concentration are given, and at the foot of each table a^e the logarithms 
of the thermodynamic dissociation constants at the different temperatures. 

In these tables the concentrations of the amine ions have been corrected 
by taking into account the ionisation of the amines. 
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SUHltAKY OF KXPBRtXBIITAL BlSUZiTS 
TaBLK 1. Cuxs OOUTTAIinirO mohohxthylaiiikb 

t ‘ViBiitiia <’ca,KB|+ Oho ^ir ^ur 

0>80 0-04170 0 04100 0-02048 — — 0-6S296 0-5SU2 0-62080 — 

0-02681 0-0237S 0-01287 — — 0-62282 0-62042 0-61847 0-61644 

0-02643 0-02643 0-01200 0-62336 0-62172 0-61006 0-61801 0-61606 0-61386 

0-03803 0-03802 0-01003 0-63338 0-63214 0-63074 0-62020 0 62748 0-62660 
0-01600 0-01680 0-00704 0-61166 0-60060 0-60733 0-60490 0-80844 0-49906 

0-01680 0-01677 0-00707 0-61183 0-60063 0-60738 0-60499 — — 

0-04200 0-03066 0-02060 0-63641 0-53614 0-63382 0-63246 0-63004 — 

0-03323 0-03206 0-01600 — — 0-62636 0-62466 0-62281 — 

0-16 0-04248 0-04166 0-02060 0-63460 0-63337 0-63200 0-63068 0-62006 0-62746 

0 02124 0-02083 0-01026 0-61721 0-61630 0-61324 0-61112 0-60888 0-60660 

0-03212 0-03176 0-01600 0-62789 0-62641 0-62481 0-62311 0-62136 — 

0-03004 0 03004 0-01660 0-62766 0-82641 0-62448 0-62280 0-62100 0-61901 

0-01647 0-01647 0-00776 0-61012 0-60791 0-60660 0-60313 0-60067 0-49783 

0 02080 0-02070 0 01040 — — 0-61363 0-61160 0-00048 0-60716 

0-10 0-04130 0-04118 0-02060 0-63314 0-83106 0-63068 0-62916 0-62761 0-62696 

0-02006 002060 0-01026 0-61604 0-61420 061211 0-61000 0-60780 060660 

0-03162 003083 0-01660 0-62716 082676 0-62410 0-62260 062066 0-61876 

0-01403 0-01471 0-00736 0-60780 060666 0-60316 060073 040826 0-40674 

0-06 0-02400 0-02606 0-01260 0-61081 061817 061643 061460 0-61863 061066 

001660 001666 0-00830 0-60086 060772 060646 0-60317 060091 049862 


Table 2. Cells ooNTAiNnto DiHETHYLAunri 

I «(0H,),irB C(0H,),irH,+ Oaa •®ir *ir ^tr 

0-20 0-03008 0-02900 0-01600 0-63003 0-63077 0-63118 0-63134 0-63120 0 63099 

002040 0 02038 0 01020 0-62068 0-62083 0-62078 0-62046 0-61989 0-61007 

0 04298 0 04291 0-02160 0-63010 0-64028 0-64104 0-64162 0-64176 0-64100 

0-01003 0-01600 0-00800 0-61460 0-61464 0-61420 0-61366 0-61280 0-61180 

0-03077 0-03866 0-01830 0-63404 0-63406 0-63668 0-63691 0-63606 0-63689 

0-16 0 04612 0-04008 0-02300 0-03940 0-64060 0-64162 0-64210 0-64268 0-64273 

0-02493 0-02487 0-01260 0-62486 0-02640 0-62670 0-62670 0-62660 0-62408 

0-04113 0-04101 0 02060 0-63666 0-63778 0-63860 0-63911 0^63940 0-03936 

0 01677 0-01660 0-00840 0-01484 0-61404 0 61473 0-61430 0-61368 0-61266 

0-10 0-03662 0-03660 0-01830 0-63270 0-03367 0-63436 0-63476 0-63406 0 03000 

0-00660 0-03726 0-01006 0-47081 0-47004 0-47788 0-47630 0-47446 0-47226 

0 01911 0 01003 0 00060 0 61677 0-61706 0-61706 0-61079 0 81630 0-61860 

0-01600 0 01600 0 00800 0-61260 0 61260 0-61240 0 61203 0-61136 0-61060 

0-06 0-02476 0-02462 0 01236 0-62231 0 62293 0-62331 0-62338 0-62326 0-62281 

0-01680 0-01672 0-00700 0-61164 0-61171 0 61168 0 61112 0-61061 0-60972 
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Tabls 3. Cells ooirrAmiNo TsiHETHYLAMmE 


0-20 


010 


OOS 


0-03027 0-03031 O-OlSU 

0 04005 0-04594 0-02290 

0-03040 0-03643 0-01820 

0-02199 0-02193 0-01103 

0-01809 0-01809 0-00905 

0-02749 0-01605 0-01093 

0-01346 0-05374 0-01681 

0 02344 0-02334 0 01171 

0-03996 0-03997 0-01997 

0-03245 0-03251 0 01624 

0-03990 0-03904 0-01005 

0-01858 0-01857 0-00920 

0-02850 0-02861 0-01430 

0-04568 0-04636 0 02302 

0-02666 0-02448 0-01254 

0-01738 0-01737 0-00860 

0-02506 0-02607 0-01208 

0 01810 0-01821 0-00910 

0-03025 0-03023 0-01963 

0 02503 0-02503 0-01252 

0-01701 0-01702 0 00851 


0 46743 0-47154 0-47513 

0-47607 0-48143 0-48624 

0 47179 0-47580 0-4703 

— -- 0-46710 

— — 0-46240 

0 47282 0-47680 0-48020 

0-43760 0-44040 0-44262 

0-4638 0 4664 0 40000 

0-47395 0-47765 0-48186 

0 46996 0-47394 0-47739 

0-47280 0-47725 0-48080 

0-45560 0-45905 0-40100 

0 46560 0-46951 0 47278 

0 47568 0 48008 0 48372 
0-46331 0-40740 0-47080 

0-45216 0-45560 0 45842 

— — 0-46839 

0 45370 0-46715 0 45095 

0-47080 0-47503 0-47875 

0 45864 0-46261 0-46566 

0-45023 0 45386 0 45686 


B,,. 

0-4779 — — 

0-4883 — 


0-48304 0-48517 0-4867 

0 44404 0-4450 0-4455 

0-47092 0-47235 0-4733 

0 48472 0 48685 0-4885 

0-48021 0-48234 0-4838 

0 48385 0-48600 0 48748 
0-46416 0-46570 0-4666 

0-4764 0 4773 0-4786 

0-48685 0-48930 0-4909 

0-47335 — — 

0-46074 0 46265 0-46411 

0 47080 0-47290 0-4746 

0 46226 0-46386 0-46483 

0 48190 0-48445 0-48620 

0 40866 0-47061 0-47190 

0-45025 0 46090 0-46194 


0 20 


0-16 


0-10 


OOS 


0-00 



Table 4. MoNOMETHYLAHms 

-logA'i. -logx;^ -logx;^ -log/f;,. 


-\ogKU. 

0-0420 

_ 

— 

10 8665 

10 6387 

10 2302 

— 

0-0405 

11 5818 

11-2107 

10-8637 

10-6383 

10-2311 

9-9400 

0-0388 

11-6838 

11-2147 

10-8684 

10-6421 

10-2332 

9-9399 

0-0338 

— 

11-2120 

10-8676 

10-5411 

10-2324 

9 9392 

0-0262 

11 6823 

11-2139 

10-8676 

10-6409 

10-2322 

0 9417 

0-0246 

-- 

— 

10-8687 

10-5414 

10-2333 

9 9426 

0-0166 

11-5812 

11 2163 

10 8696 

10 6416 

10-2336 

9-9435 

0 0166 

11-6820 

11-2118 

10-8666 

10-6383 

10-2285 

9-9351 

0-0000 

11-684, 

11-217, 

10 870, 

10-644, 

10-236, 

9-945, 

0-0424 

11-5627 

11 1933 

10-8466 

10 6214 

10-2150 

9-9258 

0-0325 

11-5637 

11-1846 

10-8386 

10-6129 

10-2066 


0 0317 

11-5676 

11-2040 

10 8526 

10-6275 

10 2206 

9-9296 

0-0216 

11-6567 

11-1879 

10-8400 

10-6161 

10-2071 

9 9109 

0-0214 

11 6676 

— 

10 8469 

10-6226 

10 2162 

9 0263 

0-0162 

11 6636 

11-1949 

10-8481 

10-5214 

10-2118 

0 0186 

0-0000 

11-668, 

11 200, 

10-862, 

10-526, 

10-220, 

9-932, 

0-0419 

11-6418 

11-1740 

10-8280 

10-5034 

10-1976 

0-9083 

0-0316 

11 6466 

11-1804 

10-8350 

10-5100 

10-2026 

9-0127 

0 0212 

11-5395 

11-1722 

10-8261 

10-6001 

10-1936 

9-9041 

0-0163 

11-5438 

11-1763 

10-8301 

10 6046 

10-1990 

9 9101 

0-0000 

11-546, 

11-179, 

10 833, 

10-508, 

10-201, 

9-914, 

0-0266 

11-6188 

11 1623 

10-8086 

10 4858 

10-1806 

9-8921 

0-0172 

11-5200 

11 1539 

10-8076 

10 4837 

10-1797 

9-8022 

0-0000 

11-622, 

11-166, 

10-810, 

10-487, 

10-182, 

9-805, 

0-0000 

11-496, 

11-130, 

10 787, 

10-466, 

10-160, 

9 876, 
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Table 6. Dimethylabiinb 


I 


-logK^ 

-logXIr 

-log/fi. 

-logKi. 

-logX;,. 

-logK'^ 

0-20 

0 0440 

11-6356 

11-3080 

10-9966 

10-6084 

10-4167 

10-1436 


0 0896 

11-6324 

11-3036 

109022 

10 6061 

10 4163 

10-1469 


0-0310 

11 0301 

11-3019 

10-0004 

10-0040 

10-4120 

10-1437 


0 0210 

11 6346 

11-3064 

10-0934 

10 6066 

10-4126 

10-1418 


0-0170 

11-0373 

11-3088 

10-9066 

10-6998 

10-4176 

10-1460 


0 0000 

11-641, 

11-311, 

10 998, 

10-703, 

10 417, 

10-146, 

0-16 

0 0470 

11-6086 

11 2808 

10-9706 

10 6766 

10-3967 

10 1282 


0 0420 

11 0006 

11-2827 

10 9727 

10 6776 

10 3960 

10-1279 


0-0260 

11-6172 

11-2803 

10-0792 

10-6843 

10-4037 

10-1347 


0 0176 

11-0106 

11-2881 

10 9776 

10 6829 

10 4001 

10 1309 


0-0000 

11 623, 

11-206, 

10-986, 

10-689, 

10 406, 

10-136, 

010 

0 0376 

11-6870 

11-2600 

10-9601 

10-6660 

10-3782 

10-1109 


0 0376 

11-6863 

11 2602 

10-9610 

10-6661 

10-3732 

10 1024 


0-0200 

11 6901 

11-2641 

10-9847 

10 6608 

10-3804 

10-1134 


0-0170 

11-6064 

11-2602 

10-9603 

10-6667 

10 3866 

10-1189 


0-0000 

11 000, 

11-274, 

10 963, 

10-668, 

10-387, 

10-120, 

O-OS 

0 0266 

11-6688 

11-2430 

10-9366 

10 6424 

10-3637 

10 0964 


0 0166 

11 6761 

11-2486 

10-9411 

10-6469 

10-3679 

10-1022 


0 0000 

11-680, 

11 263, 

10 046, 

10 662, 

10-371, 

10-106, 

000 

0 0000 

11-663, 11-228, 10-022, 10 630, 

Table 6. Tbimbthyiauine 

10-352, 

10 087, 

1 


-logXJ, 

-logKJo. 

-logAfJ,. 

-log/fj. 

-logK;,. 

-logX^. 

0-20 

0-0036 

10 4042 

10-2191 

9 0886 

9-7629 

9-6426 

9 3290 


0 0460 

10 4466 

10-2142 

9 9880 

0-7660 

— 

— 


0 0401 

10-4602 

10-2077 

9-9904 

9-7662 

9-6427 

9-3266 


0-0360 

10-4510 

10-2162 

0-0871 

— 

-- 

— 


0-0304 

10 4610 

10 2198 

9-9964 

— 

— 

— 


0-0230 

10-4929 

10-2386 

10-0009 

9-7678 

9-6420 

9 3220 


0-0221 

— 

— 

9-9063 

— 

— 

— 


0-0182 

— 

— 

10-0026 

— 

— 

— 


0 0162 

10 4603 

10-2244 

9-9960 

9-7727 

9-6627 

9 3367 


0-0000 

10-468, 

10-231, 

10-005, 

0-776, 

9-661, 

9-332, 

0-16 

0-0460 

10-4263 

10-1964 

0-9664 

9-7444 

9-6260 

9-3076 


0-0400 

10-4296 

10-2011 

0-9744 

0-7614 

0 6297 

9 3107 


0 0287 

10-4308 

10-2084 

0 9806 

0-7666 

0-6366 

9-3186 


0-0187 

10-4427 

10-2102 

9-9819 

9-7684 

0-6383 

9 3211 


0 0000 

10-462, 

10-217, 

9-087, 

9-761, 

0-639, 

9-319, 

0-10 

0 0393 

10-3900 

10-1676 

9-0436 

0-7248 

0-6107 

9 2971 


0-0261 

— 

— 

9-9467 

9 7216 

0 6063 

9-2981 


0-0246 

10-4190 

10-1009 

9 9666 

9-7426 

— 

— 


0-0183 

10-4192 

10-1866 

0-9678 

9-7362 

9 6176 

9-3030 


0 0170 

10-4099 

10-1776 

0 9608 

9-7301 

0 6178 

9-3113 


0-0000 

10-424, 

10-191, 

9 961, 

9-740, 

(• 620, 

9-306, 

OOS 

0-0261 

10-3702 

10-1426 

9-9109 

9 7012 

9-4846 

9-2708 


0-0171 

10-3826 

10-1666 

9-0324 

9-7146 

0-4982 

9-2863 


0-0000 

10-390, 

10-161, 

9 036, 

9-717, 

9-499, 

9-287, 

0-00 

VoL 

0 0000 

177 A 

10-364, 

10-128, 

9-906, 

9-692, 

9-476, 

9-270, 
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Methods or extrapolatioit 
ExtrapaiaHon io xero buffer concentration 
In figure 1 are shown several typical extrapolations for results at 20° C. 
For monomethylamine the extrapolation is of about the same magnitude as 
in the case of ammonia, but the effect increases markedly on passing to di- 
and trimethylamine. Furthermore, in the latter cases, the slope of the lines 
shows a definite tendency to vary both with ionic strength and with tem- 

m? 


1083 

1100 


9 

- 1095 


lOOO 


9 95 

oonowtration 

Fioukk 1. Extrapolation to cero buffer concentration. 

perature. In making these extrapolations therefore, we have allowed the 
slope to increase regularly both with decreasing ionic strength and (tecreasing 
temperature. For trimethylamine at 0° G and at an ionic strength of 0-05ir 
logK' changes by about 0’012 (i.e. 3% in jRT) between 0*01 N buffer con¬ 
centration and xero, while at 60° C and 0-20 it ionic strength the corre¬ 
sponding change is about 0-002 {i.e. J % in iSi). We estimate the accuracy 
of these extrapolations to be roufrhly ± 0-0010 for monomethylammonium 
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± 0*0020 for dimethylammonium, and ± 0*0030 for trimethylammonium 
ions. 



Fioobk 2. Extrapolation to zero lonio strength. 

Extrapolation to zero ionic strength 

Figure 2a, 6 and c shows the extrapolations of log K‘ to zero ionic strength. 
Here again we notice a steady deviation from the simple behaviour of the 
ammonium ion for which logK' is a linear function of the ionic strength 
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to within the accuracy of our meaBurementa. For the methylamines a 
marked curvature of this plot ia observed and the limiting slope of the line 
is found to vary approximately linearly with temperature, i.e. 


3T\ 3/ //-»o 

By reversing the order of differentiation this leads to 

d tAH\ ^ ^ 

« constant, 

dl\RT*f 



Figurr 3 d//Mi 1 as a function of ionic strength. 


i 0 . at any given temperature AH becomes a linear function of lonio strength 
at low ionic strengths. In figure 3 the values of AH obtained from analysis 
of the results at various ionic strengths are plotted against 1. The relation 
predicted from the extrapolation graphs is seen to be verified, thus con¬ 
firming the consistency of the analysis of the results. 


Analysis or rbsults and comparison with other work 
The three amines we have now examined differ markedly from the 
ammonium ion in that for them the relation between logX and 1/T is not 
linear, indicating that the ionization of the methylammomum ions is 
accompanied by a change in heat capacity. It should be noted that the 
inconstancy of the heats of dissociation of these ions implies that the 
relation 

O.OAO D 

dE/dT = (if + logc„, +logCj,„,-logCNH,+). 
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employed in our treatment of the temperature coefficients of the ceils 
containing ammonia and ammonium chloride, is inapplicable to cells 
containing buffer solutions of the other amines. 

We have analysed our results in terms of the equation 

\ogK = ^+^^logT+B ( 1 ) 

by the same procedure as we have previously employed (Everett and 
Wynne-Jones 1939 ). The slopes of the lines determining ACj, and A veto 
evaluated analytically by the method of least squares. The results were 
analysed at different ionic strengths to obtain data on the influence of 
ionic strength on the various thermodynamic functions. The results of this 
analysis are contained in table 7. 


Tabuc 7 


AC, 


0-20 \ 

Ota 

0-10 I 8 0 
00a 
0-00 4 


0-20 \ 

01a 

010 ) 23-1 

0 00 I 

0 00 ) 


ACi,i AH„ti AH, A 


-40 

-48 

-40 


-47 


-90 

-0-2 

-93 

-94 

-90 


Monomethylammomum ion 


14096 13247 10879 
14068 13229 10801 
14042 13188 10820 
14012 13146 10778 
14484 13088 10720 

Dimetliylsmmonium 
14789 12093 0226 
14770 12037 0189 
14743 11981 6113 
14719 11933 6006 
14087 11809 4991 


-2378-9 
-2376 0 
-2306-0 
-2360 8 
-23U-2 


-1142-6 
-1130-3 
-1118 1 
-1107-6 
-1091-6 


-12 0212 0 0013 

-12-0178 8 

-12 6280 7 

-12 6377 3 

-12 6676 0 


-36-7187 t 0007 
-36 7459 6 

-36-7667 7 

-36-7848 9 

-36-8162 9 


0-20 \ I -14-3 

0 16 -14-3 

0-10 } 43-8 -14-6 

0-06 -14 9 

0-00 ; 1-15-2 


Trimethylammonium 
13479 9227 -3798 

13469 9202 -3823 

13429 9083 -3042 

13394 8900 -4000 

13368 8816 -4210 


+ 830 0 -07 1090 0 0013 

+ 830 0 -67 1133 8 

+ 861 9 -67 1783 9 

+ 887-9 -67 2402 7 

+ 920 0 - 67-3233 10 


The values of 1C, given above arc the moans of those for the iliffen-nt ionic 
strengths, the variation with lomc strength .being lees than the oxponim-ntnl error 
In calculating A and B, ACJR was taken to the nearest 0 2, so that in utilizing the 
table to obtain the constants in equation (1), tho tabulated value of should bo 
divided by 1 980 anil the meult taken to the nearest 0 2 

It should also bo noted that tho samo obsonation regarding M'JH apiilu-s to 
table 1 of our previous paper (1939). 


The values of logiCAmH+ tuombined with Harned and 

Hamer’s (1933) data for the ionization of water in potassium chloride 
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solutions to obtain figures for the equilibrium constants for the basic 
functions of the amines, e.g. 

CH8NH,+H,0 - CH,NHt + OH'. 

Table 8 contains a summary of these values {Ki,), and in table 9 we give the 

other thermodynamic functions for these ionizations at zero ionic strength 

Tablb 8 


/-*0-200 

0-150 0-100 

Monomethylanuno 

0-060 

0-000 

0 

3-1182 

3-1604 3-1940 

8-2631 

3-440, 

10 

3-0796 

3-1108 3-1637 

3-2132 

3-406, 

20 

3-0683 

3-0016 3 1319 

3-1907 

3-380, 

30 

3-0496 

3-0708 3-1210 

3-1774 

3-367, 

40 

3-0636 

3-0846 3-1247 

3-1831 

3-374, 

SO 

3-0647 

3-0022 3-1323 

Dimethylamme 

3-1913 

3-386, 

0 

3-0617 

3-0069 3-1400 

3-1966 

3-392, 

10 

2-9866 

3-0163 3-0687 

3-1162 

3-806, 

20 

2-9303 

2-0686 3-0010 

3-0647 

3-246, 

SO 

2-8906 

2-9172 2-0606 

3-0129 

3-203, 

40 

2-8606 

2-8996 2-9392 

2-9936 

3-183, 

50 

2 8637 

2-8882 2-9268 

Trimethylsmino 

2-0813 

3-174, 

0 

4-2347 

4-2669 4-3160 

4-3861 

4 690, 

10 

4-0066 

4-0933 4-1417 

4-2072 

4-407, 

20 

3-9238 

3-9666 4-0030 

4-0667 

4-260, 

30 

3-8186 

3 8462 3-8890 

3-9479 

4-141, 

40 

3-7386 

3-7686 3-8062 

3-8661 

4-068, 

50 

3 6777 

3-7062 3-7408 

Table 9 

3 7993 

3 092, 

AC, 

AS°^, 

AG^t AHnti A 

Monomothylamme 

B 

r. 

600 

-14-2 

4038 402 -3920 8 

Dimothyliunine 

83-1616 

31-8 

74-1 

-9-4 

4436 1631 -6182-6 

Trimethylamine 

106-3102 

47-0 

94-8 

-3-7 

6764 4676 - 7104-0 

137-8173 

74-8 
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The early determinationB of the bade strength of the methylaminea 
oairied out by conductivity methods, giving olasdoal dissociation constants, 
show on the whole very little agreement with one another. The only deter- 
nunations which seem to have been oairied out carefully with purified 
materials are those of Moore and Winmill ( 1912 ) and Somer^e ( 1931 ), and 
these are in good agreement with one another. In table 10 these values are 
compared with our work interpolated to 25° C. We see that the conductivity 
method gives high values of if as is to be expected if allowance is not made 
for interionio attraction forces. The dissociation constants of the methyl- 
amines have also been determined by an e.m.f. method by Hamed and 
Robinson ( 1928 ), and their results recalculated by Hamed and Owen ( 1930 ). 
While the value of the dissociation constant of monomethylamine obtained 
by these workers is only slightly greater than that now reported, their 
figures for the other two amines are very much lower. It is our experience 
that errors in the potentiometric method tend to give low values of K. 
Furthermore, Hamed and Owen’s calculations involve a rather uncertain 
extrapolation, and no mention is made of the purity of the amines employed. 

Tabuc 10. Values op x 10* at 26° C 

Moore and Hamed and 

Wmmill Somerville Owen Thia woric 

CH,NH, 4-74 4-69 4-38 4-246 

(CH,),NH 6-36 6-44 6-20 6-994 

(CH,).N 0-647 0-638 0 646 0-631, 

Discussion op results 

The most interesting outcome of this work is the discovery that there are 
appreciable and even large heat capacity changes aocompan 3 ^g the 
dissociation of the substituted ammonium ions. These dissociations involve 
no change in the number of chaiges and, on electrostatic grounds, it is to 
be expected that for such isoelectric processes the heat capacity change 
should be small, nevertheless, our value of ACp for the dissociation of the 
trimethylammonium ion is almost as great as any observed for the dis¬ 
sociation of an uncharged acid. It is significant that with increasing sub¬ 
stitution of methyl groups in the ammonium ion the values of ACj, steadily 
rise from approximately zero to 43-8 cal /deg. It is difficult to explain these 
results either on simple electrostatic grounds or by taking into account the 
orientation of solvent molecules by the ions and it seems probable that we 
must also consider the properties of the amine molecules. Examination of 
the partial pressures of aqueous solutions of ammonia and of the methyl- 
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amines (Felsing and Phillips 1936 ) shows a steady transition from a strongly 
oonoave partial pressore curve for ammonia to a markedly convex curve for 
trimethylamine; this is also brought out by comparison of the vapour 
pressures of the pure amines with the Henry’s law constants for their dilute 
aqueous solutions: 

NH, CH,NH, (CH,)»NH (CH,),N 
Vapour pressure at 26° C 7620 2681 1763 2290 

Henry's law constant at 26° C 760 428 610 3600 

This behaviour shows clearly that, whereas there is strong attraction 
between ammonia and water moleculra, the substitution of methyl groups 
for hydrogen atoms reduces this attraction until for trimethylamine the 
attraction of the amine molecules for one another becomes dominant. This 
effect is seen very strikingly in the substituted ethylamines, where, as is 
well known, triethylamine with water shows a lower critical solution 
temperature at 20 °. We believe that the strongly hydrophobic character 
of the alkyl groups in the substituted amines is responsible for the large 
positive values of d (7^ in the dissociation of their ions. 

We have discussed elsewhere the possibility of interpreting values of 
ACp for ionization processes on a simple electnwtatic basis and we have 
arrived at the oonclusion that such an explanation is not plausible. We 
revert to the matter because in a recent publication Baughan ( 1939 ) has 
claimed the validity of just such a treatment based on the simple electro¬ 
static theory originally advanced by Bom ( 1920 ). Baughan has followed 
essentially the separation into electrostatic and non-eloctrostatic effects 
suggested by Gumey ( 1938 ), but, whereas Gurney assumed that the entropy 
of ionization is a purely electrostatic quantity, Baughan assumes the heat 
capacity oliange to be the quantity calculable by the use of Bom’s equation. 
In consequence of this difference between the two methods the validity of 
Baughan’s assumption, while essential to Gurney’s treatment, docs not 
establish the latter which requires independent verification. There are, 
however, three reasons for disputing Baughan’s claim that the values of 
the heat capacity changes can be calculated electrostatically- 

( 1 ) The vplues ho uses for the beats of ionization are those given by 
Hamed and his coworkers and our recalculated values do not usually agree 
with these. 

(2) The dielectric constant data used by Baughan are those of Akerldf 
{ 1932 ) which differ from the more recent data of Wyman and Ingalls ( 1938 ). 

(3) The ionic radii required to make the theory fit the results are very 
small 
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We find that when we use what are, in our opinion, better values of the 
heats of ionization and of the dielectric constant, the ionic radii are still 
further reduced and it is not possible to account for the data for any single 
equilibrium without making the ionic radii vary with temperature. 

The data presented in this paper strain the electrostatic interpretation 
even more. If we combine the dissociation of the trimethylammonium ion 
with the ionization of formic acid, we obtain the ionic equilibrium 

N(CH,)a + HCOOH = NH(CHa),+ + HCOO-, 

for which AC^, = — 86'2 cal./deg. and = —2*0 cal /deg. From the 

thermodynamic relation ACj, = T.d{A8)ldT it is evident that will 
become positive below a temperature of about 17° C and, consequently, 
Gurney’s treatment fails completely. On the other hand, the mean ionic 
radius required to account for the value of AC^, is less than 0*3 A. 

The present position with regard to the interpretation of the temperature 
coefficients of ionic equihbrium constants can be stated bnefiy as follows. 
The simple electrostatic theory fails to account for the entropy changes and, 
on any reasonable assumptions, can account for only a fraction of the change 
in heat capacity. Orientation effects have been shown by Eley and Evans 
( 1938 ) to be resTKinsible for a large part of the entropy of solution of an ion, 
and EiVerett and Coulson (1940) have shown that orientation of solvent 
molecules also contributes substantially to the heat capacity of an ion. 
Oiu* results show that, for equilibria involving neutral molecules as well as 
ions, the heat capacities of the neutral molecules cannot be ignored. 


Basic strength or the amines 

A problem which has often excited interest is that of the relative strengths 
of ammonia and the various alkylamines It is well known that the intro¬ 
duction of successive alkyl groujis into ammonia increases the basic strengtli, 
but the trialky famines are always weaker than the dialkylamines 
Examination of the data in methyl and ethyl alcoholic; solvents showed that 
the order of acid and basic strength depends upon the solvent (Wynne- 
Jones 1933 ), and it was suggested that a measure of the mtrmsic strengths 
of acids and bases could be obtained by extrapolating the relative strengths 
to infinite dielectric constant It appeared likely that the order of intrinsic 
strengtlis of ammonia and the methylamines might then become 

N Hj < NHg(CH,) < NHfCHj), < N(CU3)3. 
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In OUT difloosaion of the thennodynamios of add-bue equilibria we 
oonaidered the relative strengths of various related adds and tentatively 
suggested that, whereas AH^ could have no fundamental significance, the 
relative values might be regarded as measure of the intrinsio strengths of 
the acids iuvolved. In figure 4 we show the values of the thermodynamic 



functions for the dissociation of the ammonium and methylammonium ions 
and it is dear that only the heat and free energy changes at room tem¬ 
perature are anomalous. Furthermore, by plotting (log ifmono. ~ log 
against temperature as shown in figure 5, the relative add strength of 
mono- and dimethylammonium ions is seen to be reversed at only —10° C. 
From the values of the add strengths of the various ammonium 
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ions, and henoe also the beusio strengths of the amines, are seen to vary 
oontinnously from ammonia to trimethylamine, but the order is the reverse 
of that given above. 



Fiouke 6. Relative ooid strengtha of mono- and dimethylommonium ions 

The disorepanoy between the two methods of estimating mtrinsic strength 
cannot be resolved imtil we have temperature ooeffioient data for other 
solvents and clearer understanding of the meaning of AH„. 

We acknowledge our indebtedness to Imperial Chemical Industries Ltd. 
for the loan of a potentiometer and of a refrigerator, and to the C!ouncil of 
University College, Dundee, for a Research Urant which enabled one of us 
(D.H.E.) to cany out this work. 
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Anatomical and histological changes during the oestrous cycle In the mare. 
By J. Hammond, F.R.S. and K. Wodzioki. {Received 18 November 1040.) 

The mares ohoem for the investigation of the obangee in the reproductive organa 
during the oestrous cycle were kept under observation for some tune before they 
were killed. The duration of the heat period m these anunals was 7 days cuid the 
length of the dioestrus was 16 dajrs. Ovulation takes place at about a day before the 
end of oestrus. The size of the ovary during the oestrous cycle is chiefly mflumiced by 
the growing Qraaflon follicle. The number of follicles present at different stages 
varies greatly. The numerous small follicles present at the beginning of oestrus 
disappear later m the cycle; it is suggested that this may be duo to the lack of 
folhcle-stimulating hormone. 

The colour of the corpus lutoum vanes greatly at different stages of the cycle. The 
rupture of the foUiole is associated with some bleeding. The active stage of the corpus 
luteum is very short and the maximum diameter of tho corpus luteum seems to bo 
always below that of the Qraaflon follicle. The greater developmrait of the Graafian 
follicle, with its secretion of oestnn, m tho more leads to its playing a more important 
rAle than in the cow and the sow, m which species the corpus luteum takes a more 
dominant part m the cycle. It appears that tho much longer oestrus in the mare than 
in the cow is due to the longer time required by tho follicle to come to the surface and 
to break through. This is probably due to the peculiar structure of the ovary m the 
more, since the ovulation, which is spontaneous, ocm only ooour in the small ovulation 
fossa. No pronounced secretion stage occurs during oestrus in the Fallopian tubes. 
[81] 


Abstracts 



S 2 Abstracts of Papers 

The anatomical and histologioal ohaagea in the uterus of the male during the 
cycle are slight as compared with thoae in speoiee which have a specialized plaoenta- 
tion, such as the rabbit, ferret and oat ; they are similar to those changes which occur 
m a species with a simple plaoentation such as the pig. 

Cyclic changes are described in the epithelial cells of the cervix, which acts as a 
large mucous gland. It is probable that ejaculation takes place direotiy through the 
cervix mto the uterus. 

The changes m the vagina proper and the vestibulum vaginae are described; they 
are less pronounced m the mare than in the cow, but some oomifioation and leuco- 
cytoeis, similar to that found in some rodents, occurs. 

The sun’s magnetic field and the diurnal and seasonal variations in 
cosmic ray intensity. By L. JInossy and P. Lookbtt. {Communicated 
by P. M S. Blackett, F.B.S.—Received 18 November 1940.) 

The diurnal and seasonal variations in the vertical cosmic ray intensity, produced 
by an extending solar magnetic dipole field, are calculated at latitudes 0 and 46” mid 
compared with experimental data. 

It appears that the diurnal variation at latitude 46° can be largely accounted for by 
assuming the existence of a solar dipole of moment M x 10** gauss: ora.*, a value 
which IS consistent with experimental evidence. The diurnal variation at the equator, 
however, cannot be explamed by the hypothesis of a solar magnetic dipole field. 

The seasonal variation in uitensity obtained, assuming the above value for the 
solar dipole moment, is of the same order of raagmtude as the experimental variation 
but shows a two month phase discrepancy. 


Precise measurements of the energies of ^-rays from radium (B + G). 

By A. P. A. Habfbr and N. F. Hobbbts {Communicated by C. D EUia, 
F.R.S.—Received 20 November 1940.) 

Precise measurements of the Hp values of /7-rays from radium B have been made by 
Ellis and Skinner (1924), Ellis (1934), Scott (1934) and Rogers (1936, 1937). Except 
for Rogers and Scott, who used the same methods, the results have ihfforod from one 
another by amounts considerably in excess of the estimated probable errors. 

Measurements have been made by the authors of the Hp of eleven /ff-rays of radium 
B and of one of ladium C. The values are baaed on eleven photographs of the spectra 
taken with a sjieotrograph of the type used by Ellis and ton photograplis with a 
spectrograph of the tyiie introduced by Soott, the field strengths used ran g in g from 
190 to 1060 gauss. The values obtauied agree closely with thoae of Rogers for the 
Imes measured by him; Rogers's values being 1031-7 gauss cm., I671'3 gauss cm., 
and 1406*2 gauss cm., and our values 1631*0, 1671*6 and 1406*2 gauss cm. These 
values are considered correct to 1 part m 10*. 

The energies corresponding to the Hp values have been calculated using weighted 
mean values of e/m and c given respectively by Bearden and von Friesen. The error in 
the energies is approximately 1 part m 10*. 
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MecMurameat of the Hp of the ume line for a number of widely Hiffiw in g values of 
H was a valuable check on the presence of sjmtematio orors which had not been made 
by previous workers. An appreciable i^parent inoreaae otHp with U was found, and 
a comparison of the calculated and observed line forms showed that this apparent 
morease was to be attributed to scattering of rieotrons m the emulsion. This effect 
appears to be one of the most important now liimting the accuracy obtcunable by the 
present methods. 


Photosynthesis in intermittent illumination. By G. E. Bbioqs, F.R.S. 
(Becetved 29 November 1940.) 

The reduction of one molecule of carbon dioxide per two thousand molecules of 
chlorophyll for each mtense flash of light of very short duration while three hundred 
or more are reduced when the duration of the flash is greatly increased can be 
explained by assuming that chlorophyll sensitizes the activation of a substance A 
which, by handing its energy, causes the reduction of carbon dioxide m oombuiation 
with a substance S. The decay of activated A is a relatively rapid process while tliat 
of the activated compound of carbon dioxide and S is relatively slow. The yield for 
short flashes is determined by A, that for long flashes by 8 , The ratio of to A is of the 
order of 100. 


The Y*ray transition of radio-bromine. By R. E. SiOAy. (Communicated 
by P, M. 8. Blackett, F,R.8.—Received 4 December 1940.) 

The disintegration by the omission of y-rays of the metastable isotope of radio- 
bromine was investigated by tho metliod of cloud chamber The pruioipal y-ray was 
found to have an energy of 47 kV and a coefiicient of internal conversion m the K 
shell of O'38. A much weaker y-ray reported ambiguously to have an energy of either 
26 or 37 kV was conflrmod and shown to liave, in fact, an energy of 37 kV. 


Cones of extinct Cycadales from the Jurassic rocks of Yorkshire. By 

T. M. Habris. (Communicated by Str Albert Seward, F.R 8 —Received 
13 December 1940.) 

Very few fossils representing reproductive organs of tho Cycadales in the strict 
sense are known. Two now species of male oones, Androtlrobwi mams and A. wotma- 
ootti are described, these beuig the first male oones m which agreement with those of 
the Cyuads has been proved to exist m structure as well as m general appearance. The 
little known female cone Beama graedis C^uruthers is also described and new infor¬ 
mation is given about its development, its finer struoture and in particular about the 
anatomy of the seed. 

Reasons exe put forward for attributing Andro^nbiu mams and Beama gractUa to 
the same plant as NUesoma oompUt. This is an important, step, as Nilsaoma is one of 
the most abundant and widespread genera of leaves m the Mesozoic rocks. 
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The determlnAtloii of the vaponr preesore curve of liquid helium below 
1*6* K using a magnetic ther m o m eter. By B. Blbaitht and B. A. Hxtll. 
(Communicated by F. A. Lindemamn, F.B.8. — Beceived 17 December 1940.) 

The vapour preoaure curve of liquid helium below 1-0* K baa been detwmined 
uaing the ausoeptibihty of various paramagneido aalta aa the thermometer. It la found 
that the reaulta agree with the theoretical curve recently calculated by Bleaney and 
Simon to within the experimental error of 0-004° down to 1° K and difiiar flrom the 
‘scale 10S7 ’ of Schmidt and Keeaom, e.g. by 0-03° at 1° K. 


The ^(ective susceptibility of a paramagnetic powder. By B. Blhaney 
and K. A. HniJ.. (Communicated by F. A. Lindemann, F.BJ3.—Beedved 
17 December 1940.) 

The efifeotive susceptibility (that is, the magnetic moment divided by the external 
magnetic field) of a par amagne tic powder loosely packed into an ellipaoidal container 
has been measured against tbs vapour pressure of liquid hdium, and hence, using 
the results of tho preceding piqier, against the susoepUbility of the compact salt. The 
definition of tho ‘ Curie * temperature aoale is baaed on the latter, and it is found that 
the correotion to be applied m calculating the ‘Cune* temperature from the effective 
ausoeptibihty of the powder agrees with that given by a theoretical expression derived 
from Broit's calculation of the demagnetizing field of a powder. This is of importanoe 
both m expenments using a loosely packed powder and in experiments uaing a 
paramagnetic powder mixed with a non-magnetio material. 
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A self-consisteot field for methane and its applications. By R. A 
Buokinohau, H, S. W. Massey, FRS,, and S. R. Tibbs (Received 
0 November 1940.) 

An approximato self-oonfustent field for mothano has been oblamnd by first 
averaging the proton distribution over aU orientations so as to obtain a spherically 
symmotrical field due to all the nuclei. The oight^eloctron problem then presented 
was solved by the usual self-oonsistent field method without exchange. Rapid eon- 
vergenoe to self-oonsistenoy was found by using as imtial approximations the charge 
distributions given by Coulson for the two-quantum orbitals of the tetrahedral 
system, averaged over all orientations. 

The self-consistent wave functions are used to calculate the charge distribution, 
energy, diamagnetic susceptibility and polarizability of the molecule and also the van 
der Waals forces between two molecules. The scattering of slow electrons by the solf- 
oonsistent field obtamed is also mvestigated in detail and compared with observations 
of total oolbsion areas and angular distributions for methane. The observed similarity 
of behaviour between argon and methane m scattering slow electrons is reproduced 
by the theory, provided the same approximation of using the self-consistent Held 
without exchange is employed for each. Comparison of observed and calculated values 
of the quantities mvestigated indicates that the methane field is little less satisfactory 
than the corresponding field for atoms. 
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The low temperature properties of gaseous helium. II. By B. A. 
Buckingham, J, Hamilton and H. S. W. Massky, F.R.S. (Received 

6 November 1940.) 

Some earlier oaloiilatioiM of the second virial and viscosity ooeffloients of gaseous 
helium have been extendeil, using as before the exact quantum formulae. A brief 
diacusnion of the atomic interaction, which is expressed m the form 

V(e) = ef{e), 

where cr = r/r„ r, is the atomic separation when F is a minimum, and /(I) = -1, is 
followed by the results of the now calculations and their interpretation. Several 
interactions, with widely varying values of erf, havo been employed, and inferences 
about the actual interaction arc made by interpolating the available experimental 
data, a method particularly suitable for interpretmg future results. The results of 
some calculations by de Boer and Michels have been mcorporated. It is found that 
the present data for the second virial coefilcient. between 2 and 4-3° K, indicate for 
erj a value about 122 x 10-“ erg A*. Though the separate determination of r, mui « 
18 not likely to be very precise unless calculations are extended to temperatures much 
beyond the present limit (IT K), the assumption of a probable value for the first van 
dor Waals coefilcient leads to the values 

r, = 2 »3 A, « = 14-2 x l0-“ erg. 

The mfluonce of possible vanations in the function/(tr) ore discussed and shown to 
bo of secondary importance, and these results are based on a reasonable form for 
/(or) with two parameters. 

Comparisons are also made with two viscosity measurements below 6° K, but the 
inferences from these are not at all in agreement with the evidence from the equation 
of state. 


The flame spectrum of carbon monoxide. II. Application to 'after¬ 
burning’. By A. G. Gaydon. (Communicated by A. C. 0. Egerton, P.R.S. 
—Received 29 November 1940.) 

In a previous paper it has been shown, from a study of the spectrum of the carbon 
monoxide flame, that the molecules of CO, formed by the combustion are mitially m 
a highly excited state of internal vibration. An attempt is made here to derive 
approximate values for the lifetimes of these vibrationally activated molecules. 

The orders of magnitude of the radiative lifetime for the three types of vibration 
are derived. From data obtained from supersonic dispersion m CO, the relaxation 
tunes, or collision lifetimes, are discussed with especial emphasis on the effect of 
moisture on the collision life of the activated molecules. A section is also devoted to 
the possibility of the close resonance between the vibrations i*, and v, of CO, resulting 
in a high percentage of dissociation after the combustion of the dry gas. 

The results give a good mtorpretation of the experiments of Garner and colleagues 
on the marked ofibot of moisture and other catalysts on the infra-red emission of the 
flame, and the general failure to observe a strong emission band at 14*9/<. The results 
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of the theory go far towards explaining the latent energy of the combustion observed 
by David and coHeoguea. 

The lifetune of the aotivatod molecules is calculated to bo not more than a few 
tenths of a second, but dissociation and recombination processes might lengtlien this 
time. For moist gasee the lifetime wdl be very much less, and the infra-rod radiation 
from the flame and the latent energy of the products should similarly be much 
reduced, in agreement with experiment. The vibrationally activated mnlecules are 
to be regarded as essentially normal molecules of COj m which the vibrational energy 
has not had tune to roach oquipartition with the energy in other degrees of freedom; 
speotruacopically there is no evidence to show that they are electronically excited or 
peculiar m any other way. 

Experiments on the absonition spectrum of a long length of burning gas show 
strong absorption due to hot oxygen, this being particularly marked when the gases 
are dry. This is interpreted as being duo to transfer of the vibrational energy from 
the CO| to the O, molecules, the absorption spectrum of which is (hereby shifUMl to 
longer wave-lengths 


The electron diffraction of multilayera of esters of fatty acids. I. By 

A. Cameron and G. Coumoulos. {Communicated by E. K Rvleul, F.R S .— 
Received 11 December 1940.) 

The arrangement of the long axis of the long-oham organic molecules is revealed 
by electron diffraction patterns of inclined specimens. The side spacings are estimated 
by a supcrimposod patUim of kaolin which has a known ‘standard’ structure and 
lattice constants. A 3 cm. vacuum valve was designed to isolate the apparatus from 
the oil-<liffuHion pumps. 


On the electron diffraction of multilayers of esters of fatty acids. By 

0. COUMOULOS and E. K. Kideai., F.R S {Received 0 Dec-emJter 1940 ) 

Electron diffraction results for the arrangement ami the orientation of the molecules 
and the side sjiacings of the two-dimensional crystals of thin multilayers of methyl 
and ethyl stearate, and octaiiocyl acetate are given A state similar to the a modifica¬ 
tion m crystals is a stable form for thin multilayers of long-oham inters. The 'multi¬ 
layer' state is transient and is replaced by an aggregation of micro-crystals with 
‘fibre’ orientation. 

On transition from laminar to turbulent flow In the boundary layer. 

By A. Faok and J. H. Preston. {Communicated by E. F. Relf, F.R.S .— 
Received 10 December 1940.) 

Information on transition from laminar to turbulent How in iKHindiirv layers on 
stroamlmo bodies of revolution in a water stream is obtamiil from visual and phohi- 
graphic observation of the movements of small particles and tilament bands. The 
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-fin— oonaidered are tranution oauaed by isotropio turbulence in the free eteeain, by 
a Ailing velocity in a ■tream eubstantialiy free from turbulence, and by flow dia- 
turbanoea from mirfiMe wires. 

A non-dmiMiaional number, specified m terms of the intensity and scale of 
turbulence, the boundary-layer thickness, and the mean velocity Just outside the 
layer, is found to be representative of the conditions of flow in the boundary layer of 
a body in a turbulrait stream: and vaJuoa of this number at transitum obtained from 
observations made for a body of revolution have the same order of magnitude as 
those calculated fur a flat plate from measurements taken by Hall and Hislop. 

Transition m a region of falling velocity in a steady stream arises from a separation 
of the laminar boundary layer from the surface; and after separation, the flow in the 
layer becomes turbulent and then rejoins the surface. The observed position of 
transition is near the position of separation given by a solution of the momentum 
equation for laminar flow and for the observed distribution of velocity just outside 
the lajrer. 

IHow disturbances fVom a surface wire placed in a laminar boundary layer cause 
fully-developed turbulent flow to bo established at the wire when u,d/i'> 400, where 
d IS the wire diameter, u, is the velooi^ in the laminar layer at a distance d from the 
surface, and r is the kinematic viscosity. 

The measured iiioximura value of the downstream component of turbulent velocity 
in the stream behind a gnd is about 3*3 tunes the root-mean-square value. 


General classical theory of spinning particles In a Maxwell field. By 

H. J. Bbabua and H. C. Cokbun. (Communicated by P. A. M. THrae, 
F.R.S —Received 18 December 11)40 ) 

The purpose of this paper is to give the complete classical theory of a spuming 
particle moving m a Maxwell field. The jiarticle is assumed to bo a jxnnt, and its 
interaction with the field is described by a pomt charge g, and a point dipole g,. The 
Maxwell equations are assumed to hold right up to the pomt representing the porticto. 
Exact equations ore then derived for the motion of the particle m a given external 
field which arc strictly consistent with the conservation of energy, momentum and 
angular momentum, and hence contain the effoots of radiation reaction on the motion 
of the particle. The mass, the angular momentum of the spin, eto , ap|)oar in tho 
equations as arbitrary meohamcal consteuits. It is shown that in the presence of a 
pomt dipole the energy tensor of the field can and must be redefined so as to mako 
the total field energy finite In the general theory there is no relation between the 
eleetno mid magnetic dipole moments of the particle and the state of its translational 
motion. A procedure is given for deriving from the general eijuations specialised 
equations consistent with the oondition that the dipole is always a purely mognetio 
or eleotno one in the system m which the jiartiolo is instantaneously at rest The 
radiation reaction terms are very muoh simplor m either of these specializod oases 
than ui the general case. The efieot of radiation reaction is to make the soattermg 
of light by a rotating dipole decrease mversely as the square of the frequenoy for high 
frequenoiesi just as for aoattering by a pomt charge. 
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Genwaldawlcal theory of spinning particles in a m« 80 ii flew By H J 

Bhabha. {0<mmunicaUdhyP.A.M.mrac,F.R.8.-Re^ved\%D,^ 

1940.) 

An exact olamioal theory of the motion of a point dipole in a mwton held u pven 
which takee into oooount the effeote of the reaction of the «mitte<l meson hold. The 
meson fidd is charaotenxed by a constant x = of the dimenaionn of a reciprocal 
length, /t being the meson mass, and as x-*-® the theory of this paper goes over con¬ 
tinuously mto the theory of the preceding pai>er for the motion of a apmning particle 
in a Maxwell field. The mass of the particle and the apm angular moinoatuin are 
arbitrary meohanioal constants. The field contributes a small fimte addition to the 
mass, and a negative moment of inertia about an axis perpendicular to the spin axis. 

A cross-section (formula 88a) is given for the scattering of transveraely polarized 
neutral mesons by tlie rotation of the spm of the neutron or proton which should be 
vcUid up to energies of 10* eV. For low energies iff it agrees completely with the old 
quantum meohanioal oross-aection. having the same dejiondence on energy pro¬ 
portional to p*/B* (p being the meson momentum). At higher energies it deviates 
oomfdetely from the quantum meohanioal cross-section, which it supersedes by taking 
into account the effects of radiation reaction on tho rotation of the spin. The quontiiin 
theory of tho mteraction of neutrons with mesons goes wrong for E>Zp The rross- 
sootion IS a maximum at B~S Sp, its value at this point bemg 3 x 10-** cm *, after 
which It decreases rapidly, becoming proportional to at high onergira. The 
scattering of longitudinally polarized mesons is due to tho translationiti but not tho 
rotational motion of tiie dipole and is at least twenty thousand times smaller 

With the assumption previously made by tho present autlior tliat the heavy 
particles may exist in states of any integral charge, and m particular that protons of 
charges 2e and —e may occur in nature, tho above results can bo applied to charged 
mesons. Thus transversely polarized mesons should undergo a very big scattering and 
consequent absorption at enoigios near 3 6/f Hence tho energy spectrum of mesons 
should fall off rapidly for energies lielow alxiut 3p, as is observed Scath^nng plays a 
relatively unimportant part in tho absorption of Uiiigitudinally fsjlarized inesons, 
and they are therefore much more penetrating. 

A Btress-Btrain curve for the atomic lattice of iron. By S L Smith 
and W. A. Wood. {Communicated by O. W C Kaye, F.R S. — Receu^tl 
23 December 1940.) 

Moasuromeuts have boon made on the stress-strain relationship for the atomic 
lattice of iron (purity 00-90%). The ohanges in dimeiiHioiis of the atomic lattice of 
tensile speounens have been determmed m tho direction perpendicular to the applied 
stress and compared witli the contraction ui external dunuusiuns which occurs in the 
same direction. It has been shown tliat tho lattice stress-strain curve, obtuiniHl by 
plotting the lateral change in lattice spacing against the tensile stress, exhibits three 
mam charaotenstios. Up to the extomal yield point, tho lattice eoiitraotion is diri'Otly 
proportional to the applied stress. Boyonil tho yield ^xiint, the lattice leiitraetion 
slows dowaas tho stress moreasus. Finally, at still higher stresses, the lattice tends 
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to expand. A further aet of experimenta, in which cjridca of stren are employed, show 
that when a Btrem greater than the yield stxeaa ia i^qtlied and then removed from a 
speoimon. the lattice is left with a permanent expansion which depends in a regular 
manner upon the value of the stroas applied. It ia concluded that beyond the external 
yield point, the iron lattice undergoes two distinct modifications. First, the lattice 
spacing tends to contract elastically, in conformity with the external elastic contrac¬ 
tion exhibited by tlie specimen in the same direction (perpendicular to the applied 
stress). Second, the lattice tends to deform in a manner which leads to a superposed 
expansion of lattice s|iaoing. The actual change of spacing at a particular stress is then 
the reaultiuit of the two elToots; a process which explains the unexpected shape of the 
lattice stress-strain curve, and oifordB systematic mformation on the problem of 
internal strains in metals. Further experimimts indicate that the permanent expan¬ 
sion of the lattice after loading occurs not only in the direction perpendicular to the 
applied stress, but also m the direction of the stress; the permanent lattice deforma¬ 
tion thus represents a doomoMe in density of the test specimen. Finally, the results of 
some experiments are recorded on the effect of temperature on the lattice expansion 
effect, and it is shown that recovery of the lattioe can be produced by mild heat 
tmatineiit at a tomjieraturo iniioh lower than tliat required to renew the properties 
of the metal by reorystallixation. 

Relaxation methods applied to eni^lneerinit problems. VII. Problems 
relating to the percolation of fluids through porous materials. By F. S. 
Shaw and R V. Southwkll, P.R S. {Received 3 January 1941.) 

The accepted theory of percolation of fluids through porous materials (which is 
based on Darcy’s law of resistimce) indicates that the velocities can be calculated 
from a velocity potential which, in two-dimonsKinal motion, is plane harmonic withui 
the fluid field. The associated stream fimction, and the iluid pressure, are also plane 
hamionic, so in cases where all boiinilaries are known their determination is an 
ordinary problem in plane-potential lluxiry Uiit in coHes whore a free surface exists 
(as in the iNTcolation of wat'cr through earth dams), its sliape is not known a prion, 
ronsequnntly orthodox mutluMls cannot bo applied. 

Hon« file relaxation method <le\elope«I m eai’Iier papers is shown to be applioablo 
without s|M'cial asHiimptioii, anil to yield results of more than sufiloient aociimcy. 
Three typical examjiles are troafed, the thinl involving ’refraction’ of the Imes of 
flow and irrossiire at the junction of two imitonals of different porosity. 

Critical and co-operative phenomena. VI. The neighbour distribution 
function in monatomic liquids and dense gases. By ,1. Oornkr and 
•1 K. Lknnaku-.Iovk.s, F.K.S. (Received January 1941.) 

The iiii'tliods of dealing with Iii|tiiils ih>velopeil in preceding papers are applied to 
the eiilciilHtioti of tliu diHtribiitiou of iitoiiis iii hcpiiils and dense gases It is shown 
I lint when the motion of the atoms resembles that of linear oscillators this distribution 
fiinefioii lakes a |mii ticiilarly siiiiplo form. The theonitioal formulae are eoinjiaroil 
with n'eeiil ex|)eninental rusiilts for potassium. 
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The inverse problem of determining intmnoleoular foroes firoin known distribution 
fimotions is oonsid«red and a mathomatioal method of deriving this information is 
given. 

Further Investigatioiie cA solid «>parafAiis; repulsion potential and com¬ 
pressibility. By A. MttLLBB. {Communicated by Str WtUiarn Bragg, FB.8.— 
Received 30 January 1041.) 

Kxpenmonta are mado on tho oompmMibilitios of solid n-parafflns. The lattice 
deformations due to pressure are measured with the aid of X-rays, tho pressures 
ranging between 700 and 1500 atmospheres. It is found that the linear oompressibih- 
ties m a plane normal to the eliain axes are of tho order of 3 to 12 x 10-*' om '/dyne. 
The compressibility m tho dirootion of the chain is less than 3 x 10" cm.'/dyiie. 

Numerical estimates show that tho ropulsuvo forces between paraffin rhains have 
thoir origin essentially in the hydrogen shells that surround the carbon chain. Tho 
forces are of the same order as those existing between helium atoms. 


Oeuteron-induced fission in uranium and thorium. ByD. H T. Gant and 
R. S. Kbishnan. {Communicated by J. D. Cockcroft, F.R.8.—Received 
3 February 1941.) 

Nuclear flssion of uruuum and thorium under boinliardmonl by deiiterons of about 
9 MeV has been investigated both quahtatively and quantitatively by the use of the 
‘active deposit’ technique 

Tlie following results have boon obtaincxl: (i) the range of tho fission fragments 
from both uranium and thorium is about 2*3 cm. m air; (n) tho decay curve agrees m 
scale and sh'api with that which would bo expected from a complex mixture of 
radioactive bodies; (ill) the active deposit has boon exammod for omission of /1-rays, 
positrons, y- and X-rays, a-partioles and neutrons; the radiations am found to boar 
a gonoral similarity to thoso resulting from neutron-inducod fission; (iv) some of the 
radioactive bodies have boon isolaf4xl by rheinioal methods, some correspondence 
with tlie products of neutron-mducod fission is shown, (v) the ratio of the (ission 
cross-sootions for 9 MeV doutorons and (Li-fD) neutrons has boon moasurod; (vi) the 
excitation funetion has boon studied. 

Tho oxfsinmental results from (v) and (vi) are compared with calculations based on 
Bohr and Wheeler’s treatment of tho moohanism of tho process. 


A survey of anthocyanlns, VII. By G. H. Bbals, J. K. Pbtcr and 
V. C. Sturobss. {Communtcaied by Sir Robert Robinson, F.R 8. — Rece%ved 
3 February 1941.) 

The anthocyanins have boon identified m tho flowers, fruits and leaves of approxi¬ 
mately 200 species of plants. Tho results have lieen combmod with earlier data, to 
ascertain the frequency with which dorivatives of the throe main aiithocyamdin types 
occur as flower pigments among tho spocios so far examined. 
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Claarifioation of the natural habitata of the epeoiea ezaminedahowa that peUrgooidin 
derivativea predominate in the flowon of tropioal and aub-trppioal apeoiea, whenaa 
ddphinidin denvativee are the oommoneet in temperate and a^dne planta. 

The oolouTB of tropioal and eub-teopieal flowers containing oyanidin or ddphinidin 
derivativee are generally redder tiian tixiae of temperate apeoiea containing the aame 
anthooyanin. It m concluded that red-flowered forma have a greater survival value 
than blue in most tropioal planta. On the baeia of the anthooyanin present in the 
flowera of 32 species of TaUpa, the genua falla into two groups in aooordanoe with the 
morphological olaasifleation. 
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The seasonal variations of cosmic*ray Intensity and temperature of the 
atmosphere. By A. Dupebibb. (Communxcated by P, M 8. Blackett, 
F.B.8.—Received 4 March 1940.) 

A osreful examination of the upper atmonpherio data for Europe and the United 
States indicates that the moan temporature of the upper atmosphere m spring 
differs from that of suinmor more than from that of winter The mognitudi- of the 
second differcnoe, oa defined, depends on the iieight of the atmosphere which w 
considered and is a maximum at a height of about 6 kin. and changes sign at heights 
above 12 km. (figure) This lag in the warming of the atmosphere m spring is found 
to be paralleled by a lag in the dimmution of mtensity of the cosmic rays. A similar 
phenomenon is found in autumn. TTie cooling of the atmosphere as a whole is found 
to be less between summer and autunrn than between autumn and winter, though 
the effect is markedly less definite than in spring 

The oosmio ray variation is found to be ourrelatud more closely with the moan 
temperature of the atmosphere up to 16 km tlian with the temperature near the 
ground. This provided additional support for the theory of Blackett that the 
temperature variation of penetrating cosmic rays is related to tlw instability of the 
mesotron. The temperature coefUcient of the cosmic rays os deduced from the 
seasonal data is foimd to be 0’18% {wr "C, and this is in rough agreomont with the 
prediction of the theory. 
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The production of waves by tiie sudden release of a spherical distribution 
of compressed air in the atmosjrtiere. By J. J. Uii wuff, M.So. {Com¬ 
municated by O. I. Taylor, FJt.8.—Received 27 June 1940.) 

An attempt has been made to develop a method for d ea li n g with solutions of 
problems connected with the production of waves by sphenoal concentrations of 
compressed air. Starting from the general equations for three-dimensional spherioally 
symmetrical Uow in a homogeneous compressible medium having constant entropy 
everywhere, a process has been devised to apply step-by-step oaloulatiozia over small 
mtorvals of time to investigate the general features of such a motion. A complete 
solution has been worked out in one particular case for a not very mtense initial 
distribution of pressure, and various indirect chooks have indicated that the results 
are reasonably accurate. Those results show many features of distmct mterest. As 
distinct from plane or spherical sound wave theory, it is found that a tram of waves 
passes away from the centre of disturbance, the amplitudes and wave lengths falling 
off from wave to wave, h'urthermore, as distinct from flmte amphtude plane wavs 
theory which shows that any wave must oventiuvUy become a shook wave, the 
waves obtamed in the iimte amphtude spherical wave case show no mdication of 
becomuig shook waves, and indeed show towards the olosing stages of the calculation 
a sunilanty to sound wave propagation. The method is iqiplicablo to any spherically 
syuunetrioal motion up to such a tune as the formation of a shook wave tfdces place 
and then foils owing to the assumption of constant entropy. 


Short period fluctuations in the characteristics of wireless echoes from 
the ionosphere. By T. L. EcKBRSMy, F.R.S. and F. T. Fakmkb. {Received 
G Auyuat 1940.) 

This paper deals with the effect of irregularities m the ionosphere on reflooted 
radio waves. Such irrogulonUee occur mainly in the E layer. Those urcgulanties 
vary rapidly and cause ejn.fa on two spaced aerials to bo incorrolatod with a 
consequent apparent spread m direction. Manual methods ate not sidHciently rapid 
to resolve these variations. Those rapid Huctuatioiis are studied by recording the 
elhpses on a cathode-ray tube produced by the e.m f.s on two spaced frames. This 
18 done by taking photographs at mtorvals of sec., and the techmque is made 
applicable to impulses by a device which desensitizes the apparatus for all but a 
small fraction of the time base period, so that observations con be confined to a 
smgle pulse ol the echo pattern. The same apparatus can bo used both for directional 
and polarization measurements by appropriate connexion of the aerials. 

Tlio results allow that for normal E and F reflexions the relative e.m.f. m the two 
aerials, and m consequence the directions and polarizations, remom constant over 
many seconds. 

Keflexions from scattering clouds are however entirely different. The apparent 
ray directions and the polarizations only remam constant over a fraction of a second 
(between -/j and | sec.) and the diflioulty of balancing by manual methods the 
electric force m one frame against tliat m another is entirely explained. The results 
show that the abnormal E region is also irregular m tune and space. 
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The dleeoctatlon conetants of the methylammonlum Ions and the basic 
gatoiM of the methylamines In water. By D. H. EvjiBETT and W F K 
WYirans-JoNM. (Communicated by Sir Harold HarOe^y, Fit S -Received 
^ November \94fy.) 

The dinHooiation conatante of the long end have 

been determined at interval* of 10“ from 0 to 60“ by a motho<l involvinR the moaauro. 
mont of the potential of a hydrogen eleotroile placed in buffer Holutiona of eooh 
amine and ita hydrochloride. 

By combining those results with the known values for the ionic product of water, 
values have been obtamed for the lomc equilibria of the typo 

C3H,NH,+11,0 = CH,NH^ + OH- 

oonventionally referred to as tlie ionisation comitaiits of tlio ainmes. 

The heats, entropies and heat oapacities of these reaetinns have been calculated 
and the results oomparod with the sunple electrostatic theory of tho ionization 
process: it is found that tho heat capacity changes are too largo to bo explained on 
this basis. 


The kinetics of the polymerization of Isoprene on sodium surfaces. By 
J. L. Boixaud. (Communicated by E. K. Jtideal, F.R S. — Recew^ 
4 November 1940.) 

The kinetics of the polymerization of isoprene liquid and vapour occurring on 
sodium surfaces have been investigated at 60 and 26" C. In the cuHe of tho licpiid 
phase, polymerization diffusion of mononior to tho catalytic surface is shown to be 
the rate controlling factor, except when the Hodiiitii surface is m tho form of a sphere 
of sufficiently small dimensions. 

The kinetics of tho polymerization m presenco of toluene are consistent with tho 
view that polymeno chains arc imtiatod by formation of free radicles on tho sodium 
surface, the subsequent projmgation occurring while tho polymer is still attached to 
the sodium termination occurs exclusively by interaction with toluene. In absence 
of toluene an alternative termination reaction, loading to cross linking and reqmring 
4'8 koal. more activation energy than tho process mvolvmg toluene, comes into play. 


On the salinity of the surface waters of the Irish Sea. By J. Proudiian, 
F.R.S. (Received 4 November 1940.) 

This paper gives a statistical treatment of most of tho observations of tho saluuty 
of the surface waters of the Irish Soa which were taken up to tho end of the year 1939. 
Its objects are: (1) To put on record tho chief variations of the salinity in tho central 
port of the sea diu-ing tho whole period of observation. (2) To nilculato granil mean 
values of tho ohoraoteristioe of tlie salmity and of its seasonal variation lor stations 
distributed over the whole area of tho sea. (3) To mvostigato tho degree of correlation 
between the salimtiee at jiairs of stations, and to find for what time differences the 
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ooefiOoients of oorreUtion attain maximum valueo. (4) To inveatigate the degrees 
of correlation between the salmities at different stations and the rainfall and 
buometrio gradients; and to find the time lags which correspond to maximum 
correlation coeiHoients. (S) To obtain from the correlation coefiSoients such indications 
as they may afford of the mean currents of the sea. 

The heart of the salamander (Salamiaidro Motamimdra), with special 
reference to the conducting (connecting) system and Its bearing on the 
phylogeny of the conducting systems of mammalian and avian hearts. 
By P. Davibs and E. T. B. Franois. (Communicated byW.E.Le Qroa 
Clark, F.R.S.—Received 8 November 1940.) 

The study of nine salamander hearts by means of serial sections cut m three 
planes has demonstrated muscular contmuity between the several cardiac chambers, 
and the entire absence of any specialized muscle or ‘nodal tissue* at the jimctional 
sites, or m any other part of the heart. The heart muscle forms a contmuiun. The 
cardiac muscle fibres are characterized by their largo suu^ (i e. breadth) and they have 
the same general histological characters in all parts of the lioart. 

In each of the chambers the musculature is arranged in a basket-work fashion, 
but at each of the junctional sites tho muscle suddenly changes to a regular circular 
arrangement. The smus, at its junction with the right atrium, oontams striated 
muscle only m its ventral wall, and it is this wall only of tho smus which thus 
establishes muscular contmuity with the ring of muscle (s.-a. nng) around the 
sinu-atnid opening. The musculature of both iitna is continuous with that of the 
ventricle m two ways. From the ring of muscle (a -v ring) surrouniltng tho common 
opening of tho atria into the ventricle, the atrio-ventricular fimnel dips down mto 
the ventricle, and the caudal border of this funnel is continuous with on invaginated 
part of the base of tho ventricle, and more extensively with ventricular papillary 
muscles, winch are continued mto the mnor ventricular trabeculae about the middle 
level of the ventncle. Tho a,-v. funnel is homogeneous in struoturo Tlie ventricular 
muscle IS directly continued mto that of the bulbus cordis. 

Tho course which tho wave of contraction takes during its transmission from tho 
sinus throughout the heart and many of tho details of tho phases of the cardiac cycle 
are described. 

The delay in the transmission of the wave of contraction from one cardiac chamber 
to the next is accounted for by the relatively long patli which the impulse has to 
traverse at the junctional sites, without postulating the existence of speciahzed 
'block fibres’ at these sites. Tlie branching of the muscle fibres has the effect of 
converting tho morphological ciroular arrangement of tho fibres at these junctions 
into a phytuologKMd spiral. 

The glycogen content of the various parts of tho frog’s heart is found to moreoso 
m the order sinus, atna, ventricle and bulbus cordis. This is correlated with a similar 
moreasing order of density of musculature and work done, tho glycogen being a 
reserve potency for the energy of muscular contraction. Tho fact that the intrinsic 
rhythmic rates of the several chambers decrease m the same order as the glycogen 
content increases may or may not be oomoidontol. 
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Cutting and ligatum ezpenmenta, with oinephotographio and kymographio 
TooordB, levecJ the intrinmo rhythmic rates of the various cardiac chambers of the 


No Mtisfaotory reason has yet been adduced to account for the different mtnnsio 
rhythinio rates of tho several parts of the heart when these are isolated from each 
other. 

The dorsal mesocardium has been traced in its entirety The smu-ventncular fold 
is a part of the continuous dorsal mesocardium and does not constitute a direct 
muscular sinu-ventncular connexion. 

The distribution of the uitracardiao nerve colls has been noted and tho probable 
pathway of migration of those nerve colls in tho embryo has boon suggested 

The sigiudcanoe of the results of this investigation ui relation to the phylogony 
of tho spooializod oouduoting system of the hoarls of hoiuoiothermal verti^brates 
(mammals and birds) is disousaod. The viow is expressed that tho cardiac oonductmg 
S 3 r 8 tem 8 of homoiothermal vertebrates constitute a neomorphio dovolopment, oorro- 
lated with functional rocpiiroinonts, and are not remnants of more extensive tissues 
of similar structure in tho lowor vertebrate heart. Variations in this newly evolved 
formation probably account for tho different desonptinns of such olomonts in various 
mammalian and avian hearts. 


Anatomical and hlstoloillcal changes during the oestrous cycle In the mare. 
By J. Hammond, F.R.S. and K Wodzicki (Recevied 18 November 1940.) 

The mares chosen for the investigation of tho changes in the reproductive organs 
during the oestrous cycle wore kept under observation for some time before they 
wore killed. The duration of the heat ix*riod in these animals was 7 days and the 
length of the dioostrus was 16 days. Ovulation takos place at about a day before 
the end of oestrus. The growtli of tho follicle is very rapid during tho period of 
oestrus. Tho size of the ovary during tho oestrous cycle is oluoHy influenced by the 
growing Oraafian follicle The number of follicles present at different stages vanes 
greatly. The numerous small follioles present at tho iNigiiimng of oestrus disaptiear 
later m tho cycle; it is suggested that this may bo due to tho lack of follicle- 
stimulating hormone. 

Tho colour of tho corpus luteum vanes greatly at different stages of tho cycle. 
The rupture of tho fulhole is assooiatod with some bleedmg Tho active stage of tho 
corpus luteum is very short and tho maximum ibametor of tho corpus luteum seems 
to be always below tliat of tho Qraafian follicle. Tho greater development of the 
Oraaflan follicle, with its secretion of oestrm, m the mare leads to its playing a more 
important role than m tho cow and the sow. in which species tho corpus luteum 
takes a raoro dominant part m the cycle. Tt appears that the much longer oestrus 
m the more than in the cow is duo to tho longer tune required by the follicle to oomo 
to the surface and to break through. This is probably due to tho peculiar stnioturo 
of the ovary in the mare, since the ovulation, which is spontaneous, can only occur 
in tho small ovulation fossa. No pronounced secretion stage occurs duruig oestrus 
in the Fallopian tubes. 
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The anatomioal and hutologioal changes in the uterus of the nuure during the cycle 
are sli^t as oompcued with those in species which have a Bpecialized plaoentation, 
such as the rabbit, ferret and oat; they are similar to those changes which occur in 
a speoios with a simple plaoentation such as the pig. 

Cyclic changes are described in the epithelial cells of the cervix, which acts as a 
largo mucous gland. It is probable that ejaculation takes place directly through the 
cervix mto the uterus. 

The changes m the vagina proper and the vestibulum vaginae are described; they 
are loss pronounced m the mare than m the cow, but some comidcation and leuoo- 
oytoBis, similar to that found m somo rodents, occurs. 


Structure and molecular anisotropy of sorbic add, 

GH,. CM: CH .CH :Cai. GOOH. 

By K. T.iONSDAbG, J. M. Robertson and 1 Woodwabu. (Communicated 
by Sir William Bragg, PR 8.—Received 18 November 1940.) 

A preliminary study of sorbic acid has shown that tho monoclimo umt coll contains 
eight molecules, these being linked in pairs by hydrogen bonds about the symmetry 
centres of tho crystal, with tho long oham axis of the molecule m or near to tho 
(010) plane and inclmeil at betwoen 10 and 16° to the a axis m the obtuse angle /?. 
The molecular chains must be rotated so as to bring some of tho atoms out of tlie 
(010) piano, and an approximate measure of this rotation is provided by measure¬ 
ments of optical and magnetic anisotropy, which give ± .36° as tho angle between 
the b axis and the normal to the molecular piano. Tho magnetic anisotropy due to 
resonance m tho conjugated chain is about half as large os that m the benzene nng 
and falls into Ime with previous observations on non-cyohe conjugated compounds. 
Tho orientation of tho molooulos has been confirmed by olisorvation of tho size and 
shape of the diffuse spots ocwurring on well-oxposod Laue photographs taken with 
radiation from a copper target, and the usefulness of these photographs as a secondary 
methoil of structure determination has boon emphasized. 
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